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The prototype building for this research is an office building located on a stiff soil 
site in Southern California. Moment resisting frames (MRFs) and frames with nonlinear 
viscous dampers and associated diagonal bracing (DBFs) constitute the seismic force 
resisting system (SFRS). Three different strength level designs of the prototype building 
MRFs (i.e., D100V, D75V, and D60V) were generated by changing the seismic mass of 
the building. A single-bay MRF and a single-bay DBF, and the associated mass and 
gravity load system were extracted from the prototype buildings to serve as the prototype 
structure. The design calculations for the prototype building and prototype structure were 
based on current seismic provisions. The prototype structure was scaled down by a factor 
of 0.6 to develop the test structures for the analytical and experimental studies.  
The dampers used in the test structures are large scale nonlinear viscous dampers 
with a force capacity of 600 kN and maximum stroke of 125 mm. The dampers were 
characterized under harmonic loading with various combinations of loading frequencies 
and amplitudes. A model for the damper response, called the Nonlinear Maxwell damper 
model, was developed. This model was validated by comparing the damper force 
 2 
response of the model with the measured force response from tests under harmonic 
loading and under earthquake-induced damper deformations. 
The procedure used to select ground motions to represent the seismic hazard at 
the prototype building site is described. Using this procedure, three sets of 40 ground 
motions representing the frequently occurring earthquake (FOE), design basis earthquake 
(DBE), and maximum considered earthquake (MCE) hazard at the prototype building site 
were selected. Nonlinear numerical models of the test structures were developed using 
the program OpenSees. Nonlinear dynamic time history analysis (NDTHA) was 
performed using the nonlinear numerical models to predict the response of the test 
structures under the sets of ground motions.  
Real-time hybrid earthquake simulations (RTHS) were conducted on the test 
structures. Two phases of RTHS (i.e., Phase-1 and Phase-2) were conducted. In the 
Phase-1 RTHS, the experimental substructure is the single-bay DBF with one damper in 
each story, and the analytical substructure consists of the single-bay MRF, the gravity 
load frames, and the seismic mass tributary to the MRF and DBF. In the Phase-2 RTHS, 
the experimental substructure includes the single-bay MRF and single-bay DBF, and the 
analytical substructure includes only the gravity load frames and the seismic mass 
tributary to the MRF and DBF. In the two phases of RTHS, the measured floor 
displacements from the experimental substructure were used as the feedback for the 
RTHS, and the errors between the target displacements and measured displacements due 
to dynamic characteristics of the servo-hydraulics controller and actuators, test fixtures, 
and experimental substructure were compensated appropriately. RTHS with FOE, DBE, 
and MCE level ground motions, along with RTHS with ground motions more intense 
 3 
than the MCE were conducted. The results show the test structures achieved high 
performance at all level ground motion intensities. 
The results from the RTHS are compared with the results from NDTHA. 
Differences between the RTHS results and numerical simulations are discussed. 
Considerations for modeling structures with nonlinear viscous dampers to enable more 
accurate results are proposed. Based on the response of the nonlinear viscous damper in 
the RTHS and NDTHA, an approach for linearizing the damper response for use in 
design calculation was developed and assessed.  
A simplified design procedure (SDP) for seismic design of steel MRF structures 
with nonlinear viscous dampers is presented. For selected performance objectives and 
associated story drift based design criteria, the SDP enables an integrated design of the 
MRF and damping system to be performed. The SDP requires only linear elastic analysis 
of a linear model of the MRF, and is consistent with the analysis procedures in ASCE 7-
10 for seismic design of conventional structures without dampers. The SDP was validated 
using results for a 4-story example steel MRF building with nonlinear viscous dampers, 
and was validated in part by comparing the story drift results from the SDP with the 
results from real-time hybrid earthquake simulations (RTHS) for the 3-story test 
structures.  
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Chapter 1  
Introduction 
 
1.1 Overview  
Previous research has established that added passive damping devices can 
improve the seismic performance of building structures (e.g., Soong et al. 2002, 
Christopoulos et al. 2006). Current seismic design provisions, such as those in FEMA P-
750 (BSSC 2009) and ASCE 7-10 (ASCE 2010), include provisions for the use of 
passive damping devices in earthquake-resistant buildings. ASCE 7-10 requires building 
structures with passive damping devices to have a seismic force-resisting system (SFRS) 
that provides a complete load path. This SFRS must be designed for a minimum of 75% 
of the strength required for a similar SFRS without damping devices.   
This research focuses on the use of nonlinear viscous dampers in steel moment 
resisting frame (MRF) buildings under seismic loading. Few experimental investigations 
on the large-scale system-level seismic response of structures with nonlinear viscous 
dampers have been conducted. Compared to a linear viscous damper, a nonlinear viscous 
damper produces a damper force that is nonlinearly dependent on the damper velocity 
(i.e., the rate of damper deformation). The advantage of the nonlinear response is that the 
force output for large damper velocity is reduced. Thus, nonlinear viscous dampers can 
provide substantial damping with relatively small damper forces, which reduces the force 
demands on structural components adjacent to the dampers. A large-scale experimental 
investigation of the seismic response and performance of steel MRF structures with 
nonlinear viscous dampers under earthquake loading has not been conducted previously.  
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In addition, performance-based design of new buildings with damping systems 
also requires research. A performance-based approach is needed to design the SFRS and 
the damping system to achieve specified performance objectives, such as a basic safety 
objective of “Life Safety” under the DBE and “Collapse Prevention” under the MCE, or 
an enhanced objective, such as “Immediate Occupancy” under the DBE and “Life 
Safety” under the MCE. In some cases, the SFRS could be designed more economically, 
with reduced base shear design strength, when nonlinear viscous dampers are used to 
achieve the seismic performance objectives. The development and validation of a 
simplified performance-based design procedure, based on the results from an 
experimental study are needed.  
This dissertation presents integrated analytical and experimental research on the 
seismic response of steel MRF building structures with nonlinear viscous dampers, and 
provides a simplified procedure for the seismic design of these structures. The 
experimental part of this research involves large-sale real-time hybrid earthquake 
simulations (RTHS) on a 0.6-scale three-story steel frame structure with nonlinear 
viscous dampers.  
The results of this research are: (1) a comprehensive understanding of the seismic 
response of a steel MRF building structures with nonlinear viscous dampers that was 
designed and constructed under practical conditions; (2) a validated simplified procedure 
for seismic design of new steel MRF building structures with nonlinear viscous dampers; 
(3) a validated analytical model for large-scale nonlinear viscous dampers and steel MRF 
building structures suitable for nonlinear structural seismic response simulation; (4) a 
recommended procedure for accurate real-time hybrid earthquake simulations on large-
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scale structures with rate-dependent damping devices under intense ground motions; and 
(5) substantial, reliable, and well-documented test data from the real-time hybrid 
earthquake simulations. 

1.2 Research Objectives  
The overall objectives of this research program are: (1) to experimentally and 
analytically investigate the seismic response and the seismic performance of steel MRF 
building structures with nonlinear viscous dampers, and (2) to develop and validate a 
simplified procedure for seismic design of these structures. The specific objectives 
necessary to achieve the overall objectives are as follows: 
1. To develop and calibrate a model for the hysteretic response of large-scale 
nonlinear viscous dampers which can be used in seismic response simulations 
(nonlinear dynamic time history analysis, NDTHA). 
2. To design a prototype steel MRF building structure with nonlinear viscous 
dampers and associated test structures as the basis for analytical and experimental 
studies.  
3. To conduct seismic hazard analysis for the prototype building site and select 
ground motions at various intensity levels to enable a comprehensive evaluation 
of the seismic performance of the prototype building structure.  
4. To develop numerical models for the test structures and perform numerical 
simulations (NDTHA) using the models to predict and evaluate the seismic 
response of the test structures under ground motions at different intensity levels. 
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5. To conduct large-scale real-time hybrid earthquake simulations (RTHS) on the 
test structures using ground motions at different intensity levels. 
6. Evaluate seismic response of the test structures with nonlinear viscous dampers in 
the RTHS. 
7. To develop a simplified design procedure (SDP) for the seismic design of steel 
MRF building structures with nonlinear viscous dampers; and to validate the SDP 
with results from numerical simulations and the RTHS.  
 
1.3 Research Scope  
The research scope includes nine primary tasks: 
1. Conduct characterization tests on three large-scale nonlinear viscous dampers, and 
develop a model to predict the hysteretic response of the dampers based on the 
response measured during the characterization tests. 
2. Design a steel MRF as the seismic force-resisting system (SFRS), and a steel 
frame with nonlinear viscous dampers and associated bracing, referred to herein 
as the damped braced frame (DBF) as the associated damping system for a 
prototype building. The prototype building is assumed to be an office building 
located in a high seismicity region in the United States. The prototype structures 
(i.e., D100V, D75V, and D60V) extracted from the prototype building include a 
single-bay MRF and a single-bay DBF. The prototype structures are the basis for 
the analytical and experimental studies. 
 8 
% Design test structures by scaling down the prototype structures. Design the 
experimental setup and instrumentation plan for the test structures, and conduct 
tests to characterize the stiffness of the test structures. 
4. Select ground motions for the prototype building site, based on the established 
seismic hazard at the site. Ground motions are selected to represent a specified 
hazard level, and are used in numerical simulations (NDTHA) and RTHS to 
quantify the seismic response and evaluate the seismic performance of the 
prototype building for the specific hazard level.  
5. Develop a numerical model of the test structures using the OpenSees program and 
perform NDTHA to evaluate its seismic response. Evaluate the performance of 
the test structure with and without dampers at three levels of ground motion 
intensity (three hazard levels), namely, the frequently occurring earthquake (FOE), 
the design basis earthquake (DBE), and the maximum considered earthquake 
(MCE). 
6. Perform large-scale real-time hybrid earthquake simulations (RTHS) on the test 
structures with nonlinear viscous dampers. Two phases of RTHS are conducted in 
this research, where each phase involved a different configuration of the 
analytical and experimental substructures for these simulations. The purpose of 
the RTHS is to validate the analytical models for the nonlinear viscous damper 
and the frame structures, to investigate the seismic response of structures with 
nonlinear viscous dampers. 
7. Evaluate the seismic response of the test structures with nonlinear viscous 
dampers from the RTHS. This work entails assessing the response of the 
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analytical and the experimental substructures, and their interactions during the 
RTHS. 
8. Develop a simplified design procedure (SDP) for the performance-based seismic 
design of steel MRFs with nonlinear viscous dampers. 
9. Compare response predictions from the numerical models and associated NDTHA 
with the results from the RTHS to validate the numerical results.   
10. Compare response predictions and performance expectations from the SDP, and 
from the numerical simulations to validate the SDP, and assess the seismic 
performance of steel MRFs with nonlinear viscous dampers. 
 
1.4 Organization of Dissertation  
This dissertation consists of 13 chapters, including the present chapter.  The 
remaining 12 chapters are organized as follows: 
• Chapter 2 presents a review of background information for this research program 
including past research on design and analysis methods for structures with viscous 
dampers, and on real-time hybrid earthquake simulation. 
• Chapter 3 presents the hysteretic response of large-scale nonlinear viscous 
dampers from the characterization tests and presents a Nonlinear Maxwell damper 
model for numerical simulations. 
• Chapter 4 presents the seismic design of the prototype building and the test 
structures. The prototype building is a typical office building located on a stiff soil 
site in Southern California. Three different strength level designs of the prototype 
building are generated. A typical single-bay MRF and a typical single-bay DBF 
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are extracted from the prototype buildings to serve as the prototype structures. 
The prototype structures are scaled by a factor of 0.6 to develop the test structures 
for the analytical and experimental studies. 
• Chapter 5 describes the experimental setup and characterization of the stiffness 
properties of the test structures described in Chapter 4. The experimental setup 
includes the loading system, the out-of-plane bracing, and the reaction fixtures. 
The instrumentation plan and procedure for the characterization test are described.  
• Chapter 6 presents the ground motion selection for the prototype building site. 
Three sets of 40 ground motions representing the frequently occurring earthquake 
(FOE), design basis earthquake (DBE), and maximum considered earthquake 
(MCE) hazard at the prototype building site were selected. 
• Chapter 7 describes the development of the numerical model for the test 
structures and presents the results from the subsequent NDTHA of the test 
structures. 
• Chapter 8 presents the process for conducting large-scale real time hybrid 
simulations (RTHS) that was used on the test structures. Two phases of RTHS 
(i.e., Phase-1 and Phase-2) were conducted. In the Phase-1 RTHS, the 
experimental substructure is a single-bay DBF, where the analytical substructure 
includes a single-bay MRF, the gravity load system, and the seismic mass 
tributary to the MRF and DBF. In the Phase-2 RTHS, the experimental 
substructure is the single-bay MRF together with the single-bay DBF, where the 
analytical substructure includes the gravity load system and seismic mass 
tributary to the MRF and DBF.   
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• Chapter 9 presents the seismic response and performance of the test structures 
from the Phase-1 RTHS with FOE, DBF and MCE hazard level ground motions. 
The global seismic response of the test structures in terms of story drift, floor 
velocity, floor acceleration, and story shear, as well as the more detailed response 
of the analytical substructure, experimental substructure, and their interactions are 
presented in this chapter. 
• Chapter 10 presents the seismic response and performance of the test structures 
from the Phase-2 RTHS with FOE, DBF, and MCE hazard level ground motions, 
along with hazard levels that greater than the MCE. Comparisons between the 
Phase-2 RTHS results and the Phase-1 RTHS results are also discussed in this 
chapter. 
• Chapter 11 presents comparisons between the results from numerical simulations 
(as described in Chapter 7) and the results from RTHS (as described in Chapter 9). 
Considerations for modeling structures with nonlinear viscous dampers are 
described. This chapter also presents an equivalent linearization of nonlinear 
viscous damper response for preliminary seismic design of structures with 
nonlinear viscous dampers.
• Chapter 12 presents a simplified design procedure (SDP) for performance-based 
seismic design of new steel MRF buildings with nonlinear viscous dampers. The 
SDP is validated by assessing 4-story steel MRF structures with nonlinear viscous 
dampers that were designed using the SDP.  
• Chapter 13 summarizes the research program and the findings and conclusions of 
the research, and discusses future research needs. 
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Chapter 2  
Research Background  
 
2.1 General 
This chapter summarizes the relevant prior research related to structures with 
viscous dampers, design and analysis methods for structures with damping devices, and 
real-time hybrid simulations (RTHS).  

2.2 Research on Structures with Viscous Dampers 
Fluid viscous dampers as passive damping devices have been studied for three 
decades. The effectiveness of adding these dampers to structures for seismic response 
reduction has been demonstrated by a number of experimental studies. 
Constantinou and Symans (1992) performed shake table tests on a model structure 
with and without linear viscous dampers. The structure was a 0.25-scale three-story steel 
frame shear building. The structure was tested with three damper arrangements: (1) with 
2 dampers in the first story; (2) with 4 dampers in the first story; and (3) with 2 dampers 
in each story. The coefficient of each damper was C0=15.5 N-second/mm. The test results 
showed that the adding the dampers significantly reduced the response of the structure in 
terms of both story drifts and shear forces, but introduced additional column axial forces 
which are out-of-phase with the bending moments.  
Reinhorn et al. (1995) conducted a series of shaking table tests on a 1/3rd-scale 
damaged three-story reinforced concrete frame retrofit with added linear viscous 
dampers. Two dampers were added in each story and each damper was installed in a 
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diagonal brace. Each linear viscous damper has a nominal force capacity of 45 kN. 
Reinhorn et al. (1995) observed that retrofit of the damaged reinforced concrete frame 
with linear viscous dampers produce satisfactory response during earthquakes. 
Seleemah and Constantinou (1997) investigated the seismic response of a model 
structure with linear and nonlinear fluid viscous dampers using shake table tests. The 
model structure was the 0.25-scale three-story steel frame used by Constantinou and 
Symans (1992) which was repaired. The structure was tested with three damper 
arrangements: (1) with 2 dampers placed diagonally in the second story; (2) with 2 
dampers in both the second and third stories; (3) with 2 dampers in each story. The 
coefficient of each linear viscous damper was C0=16 N-second/mm. Each nonlinear 
viscous damper has a coefficient of Cα =252 N-(second/mm)α and velocity exponent 
α=0.5. The test results showed that nonlinear dampers generally produced more drift 
response reduction than linear dampers.  
A number of researchers have conducted studies to develop design and analysis 
methods for structures with damping systems. Sause et al. (1994) presented several 
simplified analytical methods (idealized shear deformation method, shear-flexure 
deformation method, strain energy superposition method, modal strain energy method, 
and lateral force energy method) for estimating the damping and seismic response of 
multistory frames with viscoelastic (VE) dampers. Fan (1998) proposed a simplified 
design procedure for a structure with VE dampers using an equivalent elastic-viscous 
model based on the complex stiffness and energy dissipation of the viscoelastic system. 
Based on the work by Fan (1998), Lee et al. (2005) used a modified simplified design 
procedure for frame buildings with either elastomeric or VE dampers, which was applied 
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to steel moment resisting frames with added elastomeric or VE dampers (Lee et al. 2009). 
Ramirez et al. (2003) investigated the accuracy of the ELF and RSA procedures for 
buildings with damping systems by comparison with the results of nonlinear response-
history analysis. Charney and McNamara (2008) compared methods (modal strain energy 
method, free vibration log decrement method, and complex eigenvalue-eigenvector 
analysis) for computing equivalent viscous damping ratios of structures with added 
viscous damping. Symans et al. (2008) summarized the current practice for using passive 
energy dissipation systems for seismic protection of structures. 
The effects of the stiffness of bracing elements, which are attached to damping 
devices and in the force path of the dampers, on the effectiveness of damping devices has 
been investigated by many researchers. Sause et al. (1994) showed that the damping ratio 
of a frame structure with VE dampers increased as the brace stiffness increased. Kasai 
and Fu (1998) compared the response of frames with viscoelastic and viscous dampers, 
and showed that stiff bracing increases the effective damping from the dampers and 
increases the added stiffness for viscoelastic-damped frames and decreases the added 
stiffness for viscous-damped frames. Kasai and Fu (1998) recommended that a bracing 
stiffness more than ten times the frame stiffness should be used for frames with 
viscoelastic and viscous dampers. Takewaki and Yoshitomi (1998) investigated the 
effects of damper bracing stiffness on the optimal damper placement for a frame building 
with viscous dampers. It was noted that the bracing stiffness greatly affects the optimal 
damper position and response reduction and should be taken into account in the design 
and positioning of the dampers. Lin and Chopra (2003) investigated the earthquake 
response of SDF systems with nonlinear viscous dampers and recommended that the 
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bracing stiffness ( bk )  should be more than five times the story stiffness ( k ) of the SDF 
system (i.e., 5bk k≥ ) for large added damping (e.g., the added damping ratio equals 
30% ) corresponds to 1 0.02Tτ ≤  (where τ  is proportional to Cα / bk  and 1T  is the first 
mode period).  
Singh et al. (2003) used the Maxwell model to represent viscous dampers for 
seismic analysis and optimal design of structures with viscous dampers. They evaluated 
the effect of the flexibility of the Maxwell element spring as well as the flexibility of the 
bracing on which a damper is installed. It was observed that the flexibility of the spring in 
the Maxwell model, as well as the flexibility of the brace, tends to reduce the damper 
effectiveness. Singh et al. (2003) showed that a brace stiffness of about ten times the 
story stiffness could be considered essentially rigid, but a brace with five times the story 
stiffness will not compromise the damping effectiveness significantly. Chen and Chai 
(2011) also studied the effects of bracing stiffness on the performance of shear-type 
building structures with Maxwell model-based brace-damper systems. Results from an 
example ten-story building with viscous dampers indicated that the brace stiffness need 
not be large in order to produce a significant level of response reduction. They showed 
that, with the bracing stiffness set to equal the first story stiffness, the maximum response 
reduction in the ten-story building was found to reach around 80% for story acceleration 
and base shear responses, and 90% for story drift response without concern for the 
amount of damping added to the structure. Chen and Chai (2011) concluded that bracing 
stiffness equal to the first story stiffness would be adequate for typical applications. 


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2.3 Design and Analysis Method for Structures with Damping Devices 
Current provisions for seismic design, such as the 2009 NEHRP Recommended 
Seismic Provisions for New Buildings and Other Structures (FEMA P750, BSSC 2009) 
and Minimum Design Loads for Buildings and Other Structures (ASCE 7-10, ASCE 
2010) include the equivalent lateral force (ELF) procedure and the response spectrum 
analysis (RSA) procedure for design and analysis of structures with damping systems. In 
these provisions, a damping device is defined as a flexible structural element of the 
damping system that dissipates energy due to relative motion of each end of the device. 
Damping devices may be classified as either displacement-dependent or velocity-
dependent, or a combination thereof. The definition of a damping system is the collection 
of the damping devices and all structural elements that transfer forces from damping 
devices to the base of the structure. The basis for the development of the ELF and RSA 
procedures for structures with damping systems was described by Whittaker et al. (2003).  
The ELF and RSA procedures have the assumptions that: (1) the story drift distribution 
over the height of a structure can be reasonably estimated using either the first mode 
shape or another shape such as an inverted triangle; and (2) the yield strength and 
collapse story drift of the structure can be estimated by specifying the response 
coefficients (i.e., response modification factor, R, overstrength factor, Ω0, and 
displacement amplification factor, Cd).  For analysis using the ELF procedure, the 
response is defined by two modes, i.e., the first mode and the residual mode. The residual 
mode is a concept used to approximate the combined effects of the higher modes. For 
analysis using the RSA procedure response, the higher modes are considered explicitly. 
For both the ELF and RSA procedures, the response of a structure is reduced by using a 
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damping coefficient, B, determined based on the effective damping ratio of the mode of 
interest. The values of the B are provided for effective damping ratios up to 50%. 
Both FEMA P-750 and ASCE 7-10 require that structures with dampers have a 
seismic force-resisting system (SFRS) which is designed for at least 75% of the seismic 
base shear of the corresponding SFRS of a conventional structure without damping 
devices. Meanwhile, the damping system should be designed to remain elastic for design 
loads including the maximum forces from the damping devices.  
The provisions also include a nonlinear dynamic analysis (NDA) procedure for 
seismic analysis. A minimum of three ground motions are required for nonlinear dynamic 
analysis.  
 
2.4 Real-time Hybrid Simulation 
Real-time hybrid simulation (RTHS) is an emerging experimental method for 
investigating the seismic behavior of complex structural systems under earthquake 
loading. In an RTHS, the complete structural system is divided into experimental 
(physical) and analytical (numerical) substructures. The experimental substructure is 
constructed and subjected to loading in the laboratory, while the analytical substructure is 
created as a numerical model of this part of the structure in computer software. The 
coupling between the experimental and analytical substructures is achieved by 
maintaining compatibility and equilibrium at the interface between the substructures. The 
displacement response of the combined system is calculated by integrating equations of 
motion which include the restoring forces from the experimental and analytical 
substructures that develop under the displacement response associated with the 
 18 
earthquake loading. In an RTHS, the displacements are imposed in real time on the 
experimental and analytical substructures.  
RTHS is attractive, compared to other earthquake simulation methods, because 
the parts of the structure that are more challenging to model numerically are included in 
the laboratory while the remaining parts of the structure are included by a numerical 
model (i.e., the analytical substructure). A hybrid simulation should be conducted in real-
time for a structural system with rate dependent energy dissipation devices in the 
experimental substructure. Although RTHS is recognized as a useful experimental 
method, it has been challenging to implement. In addition to the analytical and 
experimental substructures, a RTHS system includes a numerical simulation tool for 
creating the analytical substructure, servo-hydraulic controllers, servo-hydraulic 
actuators, a data acquisition system, and a real-time integrated control architecture with a 
high-speed communication network. A successful RTHS requires: efficient and accurate 
integration of the equations of motion; servo-hydraulic controllers and actuators to 
impose accurate displacements on the experimental substructure in real-time; a numerical 
model for the analytical substructure with an efficient and accurate state determination 
process; and synchronized communication between the numerical simulation, servo-
hydraulic controllers, and experimental data acquisition with minimal delay. 
Previous research has developed algorithms for integrating the equations of 
motion for an RTHS. Both implicit algorithms (Thewalt and Mahin 1987, 1995; 
Nakashima, 1990; Shing et al. 1991) and explicit algorithms (Shing and Mahin 1985) 
have been used. An integration algorithm is explicit if the displacements for the next time 
step can be determined from the accelerations, velocities, and displacements at the 
 19 
current and previous time step, otherwise it is implicit. Implicit integration algorithms are 
often unconditionally stable while explicit integration algorithms are often conditionally 
stable. Unconditionally stable algorithms are needed to avoid numerical stability for 
structures with multiple degrees-of-freedoms. Explicit integration algorithms are usually 
preferred over implicit algorithms in RTHS as they do not require iteration. Recently, 
unconditionally stable explicit integration algorithms for RTHS have been proposed, 
including the algorithm by Chang (2002) and the CR integration algorithm by Chen and 
Ricles (2008, 2009).  
Compensation schemes for controlling the displacements of the experimental 
substructure in the laboratory have been developed to enable more accurate displacement 
histories to be imposed on the experimental substructure. The intent of these schemes is 
to compensate for the delay caused by the dynamic characteristics of the servo-hydraulic 
controllers and actuators, the test fixtures, and the experimental substructure in the 
laboratory (Horiuchi et al. 1996). Some compensation schemes assume a constant delay 
(Horiuchi et al. 1999; Horiuchi and Konno 2001; Chen 2007; Jung et al. 2007), while 
others consider a variable delay (Darby et al. 2002; Lim et al. 2007; Wallace et al. 2005; 
Carrion and Spencer 2007; Chen and Ricles 2010; Chae et al. 2013). Due to the inherent 
nonlinearity of the servo-hydraulic actuators and experimental substructure, the delay is 
not likely to be constant, and adaptive compensation methods which consider variable 
delay are considered to be more appropriate for RTHS.  
Chen et al. (2009, 2012) presented RTHS of a steel frame with elastomeric 
dampers, where the experimental substructure was comprised of only the dampers. 
Saouma et al. (2014) presented RTHS of a nonductile reinforced concrete frame, where 
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one of the ground floor columns of the frame was the experimental substructure. Cha et 
al. (2014), Friedman et al. (2014), and Chae et al. (2014) used RTHS to evaluate 
structural control strategies for magnetorheological (MR) dampers. In Cha et al. (2014) 
and Friedman et al. (2014), the experimental substructure is a three-story structure with 
an MR damper in the first story and the analytical substructure is a 3-DOF linear 
numerical model; while the ground motion input was the 1940 El Centro earthquake 
record scaled by 0.5. In Chae et al. (2014), the experimental substructure is a three story 
structure with MR dampers in the first and second stories, and the analytical substructure 
is a moment resisting frame with 148 DOFs; while the intensity of ground motions for the 
RTHS were 60% and 80% of the design basis earthquake (DBE) level. In these RTHS, 
the actuator stroke was the feedback signal to control the RTHS, so a systematic error in 
the displacement of the experimental substructure was introduced by the compliance of 
the test set-up. In addition, the ground motions used for these RTHS produced relatively 
low levels of response.  
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Chapter 3  
Characterization and Modeling of Large-Scale Nonlinear Viscous Dampers  
 
3.1 General 
This chapter presents an investigation of the hysteretic response of large-scale 
nonlinear viscous dampers and develops a force-deformation model for the dampers for 
use in numerical simulation applications. Three large scale nonlinear viscous dampers 
with a force capacity of 600 kN and maximum stroke of 125 mm were characterized. The 
characterization tests were conducted by applying sinusoidal deformation loading 
histories, with various combinations of frequencies and amplitudes to the dampers. The 
damper force-deformation model, called the Nonlinear Maxwell damper model is 
presented, for use in modeling large-scale nonlinear viscous dampers subject to realistic 
earthquake deformation demands. The parameters of the Nonlinear Maxwell damper 
model are determined from the characterization test data. This damper model is validated 
by comparing the predicted response of the damper model with the measured response 
from tests on the dampers using predefined earthquake damper deformation input.  
 
3.2 Nonlinear Viscous Damper 
The damper force-damper relative velocity response for a fluid viscous damper 
can be expressed theoretically using Equation (3.1):  
( )d d dsgnf C v v αα= ⋅ ⋅                                                                                       (3.1)  
Where df  is the damper force; dv  is the relative velocity across the damper; ( )dsgn v  is 
an expression of the polarity of the relative velocity across the damper, ( )dsgn 1v =  for 
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d 0v ≥  and ( )dsgn 1v = − 	for d 0v < ; Cα  is the damping coefficient, and α  is a constant 
velocity exponent. A viscous damper can be categorized as either a linear viscous damper 
or nonlinear viscous damper based on the value of α . A damper with 1α =  is a linear 
viscous damper, and a damper with 0 1α< <  is a nonlinear viscous damper. Figure 3.1 
shows the theoretical hysteretic response of a nonlinear viscous damper for different   
values. For equivalent energy dissipation (equal area in the hysteresis loop), a smaller 
amplitude of damper force develops in a damper with a smaller  value. 
Three large-scale nonlinear viscous dampers were subjected to characterization 
tests in this study. The dampers were manufactured by the Taylor Device Inc., and are 
shown in Figure 3.2. The nominal force capacity of the dampers is 600 kN, and the 
maximum stroke is 125 mm. The values for Cα  and α  reported by the manufacturer is 
773 kN-s/m (40 kips-second/inch) and 0.4, respectively. The operating ambient 
temperature range is -6.7°C to +54.4°C (+20°F to +130°F). A minimal change in 
characteristics is expected within this temperature range. 
 
3.3 Damper Characterization Tests 
3.3.1 Test Setup for Damper Characterization Tests 
Characterization tests of the dampers were conducted at the Network for 
Earthquake Engineering Simulation (NEES) Real Time Multi Directional (RTMD) 
facility located in the ATLSS Engineering Research Center at Lehigh University. The test 
setup for the characterization test is shown schematically in Figure 3.3(a). Figure 3.3(b) 
shows a photograph of the test setup. NEES hydraulic actuator with a load capacity of 
2300 kN, a maximum stroke of 500 mm, and a maximum velocity of 0.84 m/second is 
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used to apply a predefined displacement history to the damper. The actuator is connected 
to the endplate of the damper through a short ‘rigid’ transfer beam. The ‘rigid’ transfer 
beam is added to the setup to accommodate the spacing of the floor anchors of the strong 
floor. The actuator and ‘rigid’ transfer beam are both supported vertically by rollers to 
ensure the actuator is lined up with the damper horizontally. The damper is connected to 
a stiff damper support beam using a ‘clevis-pin’ connection, and the stiff damper support 
beam is bolted to the laboratory strong floor. The damper support beam has shear keys to 
prevent movement between the beam and the strong floor. To control the ambient 
temperature surrounding the damper, a chamber to enclose the damper was built and 
connected to an AC/heater unit. The chamber is referred to as the controlled temperature 
chamber, as shown in Figure 3.4. 
The instrumentation plan for the characteristic tests is shown in Figure 3.5. Load 
and displacement transducers were used in the characterization tests. A load cell with a 
capacity of 667 kN (150 kips) is used to measure the damper force during the tests. 
LVDTs are installed to measure the damper deformation and clevis movement; LVDT-1 
and LVDT-2 measure the displacement of the damper endplate relative to the strong 
floor; LVDT-3 and LVDT-4 measure the relative displacement between the clevis and 
the floor; LVDT-5 measures the displacement of the damper clevis plate relative to the 
strong floor. Thermocouples are used to monitor the temperature of the damper; one 
thermocouple is attached to the surface of the damper cylinder housing along the 
circumference at mid-length of the damper to monitor the damper temperature change 
during the tests, while the other thermocouple is exposed in the air close to the damper to 
monitor the ambient temperature. 
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The displacements measured through the LVDTs enabled determination of two 
types of damper deformation, i.e., damper body deformation and entire damper 
deformation. The damper body deformation, bdu , is defined as the deformation of the 
damper body between the damper endplate and the damper clevis plate, which excludes 
any gap slip behavior or other deformation in the damper clevis connection. bdu is 
determined using Equation (3.2). The entire damper deformation, du , is defined as the 
deformation between the damper endplate and the clevis plates of the damper-to-
foundation beam clevis connection, which includes any gap slip or other deformation in 
the clevis connection. du  is determined using Equation (3.3). bdu  and du  enable a general 
definition of the damper that includes the damper body as well as the clevis connection to 
be established. Correspondingly, the damper body relative velocity, bdv , and entire 
damper relative velocity, dv , can be derived from a finite difference of the damper body 
deformation and entire damper deformation, respectively. 
1 2
bd 52
u
∆ + ∆
= − ∆
                                                                                              (3.2)  
3 41 2
d 2 2
u
∆ + ∆∆ + ∆
= −
                                                                                       (3.3)  
Note that 1∆ and 2∆  are the displacements measured by LVDT-1 and LVDT-2; 3∆ and 4∆  
are the displacements measured by LVDT-3 and LVDT-4; and 5∆  is the displacement 
measured by LVDT-5. 
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3.3.2 Loading History for Damper Characterization Tests 
The characterization tests of the nonlinear viscous dampers used a sinusoidal 
“displacement” loading history shown by example in Figure 3.6. Note that this 
“displacement” history is the actuator stroke history (i.e., the extension and retraction of 
the actuator) The loading history has a total of 12 sinusoidal cycles, including 2 ramp up 
cycles, 7 full cycles and 3 ramp down cycles.  
 
3.3.3 Test Matrix for Damper Characterization Tests 
Dampers within in a building structure are loaded at amplitudes and frequencies 
that depend on the dynamic properties of the structure and the characteristics of 
earthquake ground motions applied to the structure. Therefore, a wide range of actuator 
stroke amplitudes and frequencies were used in the characterization tests to understand 
their influence on the response of the nonlinear viscous dampers. Table 3.1 lists the 
combinations of actuator stroke amplitude and frequency applied to damper #1 (P/N: 
67SDP-19133-01, S/N: 003). The sinusoidal actuator stroke amplitudes range from 12.7 
to 101.6 mm (0.5 to 4.0 inches) and the frequencies range from 0.25 to 4.0 Hz. All tests 
were conducted by applying the ramped sinusoidal actuator stroke history to the damper. 
According to Table 3.1, the relative velocity (actuator stroke rate) in the tests varies from 
20 mm/second to 958 mm/second. The characterization tests for damper #2 (P/N: 67SDP-
19133-01, S/N: 004) and damper #3 (P/N: 67SDP-19133-01, S/N: 001) used only a 
sample of the amplitudes and frequencies as indicated in Table 3.2. 
Most of the tests were done in an uncontrolled ambient temperature range of 
approximately 20 to 25˚C; however, for tests with a frequency of 0.5 Hz and 1.0 Hz, tests 
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were conducted with a controlled ambient temperature of 10˚C, 20˚C and 30˚C for 
damper #1. 
 
3.4 Characterization Test Results 
3.4.1 Damper Hysteretic Response 
Damper hysteretic response in terms of the damper force-deformation ( df - u ) 
response and damper force-relative velocity ( df - v ) response from the characterization 
tests are given in this section. The hysteretic response in terms of bdu  and du (described in 
Section 3.3.1) are plotted together to enable a comparison. Figure 3.7 through Figure 3.12 
show the hysteretic response of damper #1 at various frequencies with actuator stroke 
amplitude of 12.7 mm, 25.4 mm, 36.1 mm, 50.8 mm, 76.2 mm, and 101.6 mm (0.5 
inches, 1.0 inches, 1.5 inches, 2.0 inches, 3.0 inches, and 4.0 inches), respectively. In 
these figures, data from only the 7 stable full loading cycles shown in Figure 3.6 are 
plotted. The response for these 7 cycles is consistent, as shown in the figures. The d bd-f u
and d bd-f v response, and the d d-f u and d d-f v  response are shown in each figure, where bdv  
and dv is the damper body relative velocity and entire damper relative velocity derived by 
finite difference of bdu  and du , respectively. The typical df  response of a nonlinear 
viscous damper as it varies with the frequency (for a fixed bdu  amplitude) can be easily 
observed in the plots. The shape of the d bd-f u  hysteresis loop at low frequency is more 
elliptical than at high frequency; the loop becomes more boxy with an increase of 
frequency. 
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It is also observable that the nonlinear viscous damper response is not purely 
viscous, and the d bd-f u  hysteresis loops are inclined compared to the hysteresis loop of a 
purely viscous damper. Also, the d bd-f v  hysteresis loops are inflated in the region where 
the velocity is small. The inclination of the d bd-f u hysteresis loops is demonstrated most 
clearly near the point of peak deformation, where the rate of damper force decrease is 
greater before the peak deformation than after the peak deformation. This behavior can be 
seen clearly in Figure 3.13(a). The inflation of the d bd-f v  hysteresis loops are 
demonstrated most clearly near zero velocity, where the slope of d bd-f v curves are steeper 
for unloading than loading in the small velocity region. This observed damper response 
can be explained by the presence of elastic flexibility in the damper response. The elastic 
flexibility is more obvious when the damper reverses its direction of motion at a 
deformation peak. The effect of this elastic flexibility decreases as the damper force 
decreases. Thus, the nonlinear viscous dampers characterized in this study do not have 
purely viscous behavior, but also exhibits elastic flexibility which can create a phase 
difference between the damper force and the damper relative velocity.  
It is noticeable in Figure 3.7 through Figure 3.12 that the d d-f u  hysteresis loops 
have more obvious inclination than the d bd-f u  hysteresis loops, and the d d-f v  hysteresis 
loops have more obvious inflation than the d bd-f v  hysteresis loops. This difference 
indicates that including the clevis connection flexibility in the measured damper 
deformation changes the observed damper force-deformation hysteretic response. Since 
the clevis connection will be used for the damper within a structure, it makes sense to 
include the clevis connection within the model for the damper.  
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Figures 3.14 through Figure 3.18 show the hysteretic response of damper #2 
under actuator stroke histories at various sample frequencies with amplitudes of 12.7 mm, 
25.4 mm, 36.1 mm, 50.8 mm, and 63.5 mm (0.5 inches, 1.0 inches, 1.5 inches, 2.0 inches, 
and 2.5 inches), respectively. Figures 3.19 through Figure 3.23 show the hysteretic 
response of damper #3 under actuator stroke histories at various sample frequencies with 
amplitudes of 12.7 mm, 25.4 mm, 36.1 mm, 50.8 mm, and 63.5 mm (0.5 inches, 1.0 
inches, 1.5 inches, 2.0 inches, and 2.5 inches), respectively. Again, the data for only the 
stable full loading cycles (Figure 3.6) are plotted. The hysteretic response of damper #2 
and damper #3 is similar to that of damper #1. 
 
3.4.2 Temperature Effects on Damper Response 
The nonlinear viscous dampers characterized in this study are filled with silicone 
oil which has good temperature stability and heat transfer characteristics. Therefore, 
stable damper hysteretic response should be expected for the dampers in the reported 
operating ambient temperature range of -6.7°C to +54.4°C. Characterization tests for 
damper #1 at temperatures of 10°C, 20°C, 30°C, and 40°C with actuator stroke histories 
with an amplitude of 50.8 mm (2.0 inches) and a frequency of 1.0 Hz were conducted. 
Figure 3.24 compares the damper hysteretic response at different temperatures. Very little 
difference can be observed in the d bd-f u  hysteresis loops as well in the d bd-f v  hysteresis 
loops, which shows that the nonlinear viscous damper responds consistently over the 
temperature range 10°C to 40°C. 
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3.5 Damper Model 
3.5.1 Nonlinear Maxwell Damper Model 
Based on the damper response observed in the characterization tests, a Nonlinear 
Maxwell damper model, shown schematically in Figure 3.25(a), is proposed for modeling 
large-scale nonlinear viscous dampers. This Nonlinear Maxwell damper model is 
represented by a nonlinear elastic spring and a nonlinear dashpot connected in series. The 
nonlinear elastic spring simulates nonlinear flexibility in the damper body and damper 
clevis connection. Figure 3.25(b) shows the nonlinear elastic spring model, which has a 
stiffness ks1 when the relative velocity is less than vd1, a larger stiffness ks2 when the 
relative velocity is greater than vd2, and has ks varying linearly between ks1 and ks2 
between vd1 and vd2. The nonlinear dashpot simulates the nonlinear viscous behavior of 
the damper with a damping coefficient Cα and a velocity exponent α (Figure 3.25(c)). The 
damper model parameters include Cα, α, ks1, ks2, vd1, and vd2. These parameters were 
identified from the characterization test data.  
Since the nonlinear elastic spring and nonlinear dashpot are connected in series, 
the force in the spring and the force in the dashpot are both equal to the total force of the 
model (Equation (3.4)); and the total deformation and relative velocity of the damper are 
the sums of the deformations and relative velocities in the spring and dashpot (Equation 
(3.5) and Equation (3.6)). 
d s cf f f= =                                                                                                         (3.4) 
d s cu u u= +                                                                                                          (3.5) 
d s cv v v= +                                                                                                           (3.6) 
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where d c s,  , and  f f f  are the damper force, dashpot force, and spring force, respectively; 
d c s, , and u u u  are the total damper deformation, dashpot deformation, and spring 
deformation, respectively; and d c s, , and v v v are the total damper relative velocity, dashpot 
relative velocity, and spring relative velocity, respectively.  
The dashpot force and the spring force have the constitutive relationships, shown 
in Equation (3.7) and Equation (3.8), respectively. 
s s sf k u= ⋅                                                                                                            (3.7) 
( ) ( )c α c cf C sgn v v α= ⋅ ⋅                                                                                      (3.8) 
Accordingly, Equation (3.5) and Equation (3.6) can be written as:   
( ) ( )αd c c c
s
C
u sgn v v u
k
α
= ⋅ ⋅ +                                                                              (3.9) 
d
d c
s
1 f
v v
k t
δ
δ= +                                                                                                 (3.10) 
Equation (3.9) indicates that when sk → ∞ , d cu u= . For a finite sk , when 0cu >  
and 0cv > , cu  is increasing but is smaller than du ; and when 0cu >  and 0cv < , cu  is 
decreasing but is greater than du . This model behavior explains the inclination of the 
d d-f u  hysteresis loops of the characterized nonlinear viscous dampers.  
Equation (3.10) indicates that when df  is increasing, dv is greater than cv , when 
df  is decreasing, dv  is smaller than cv . This explains the inflation of the d d-f v  hysteresis 
loops of the characterized nonlinear viscous damper. 
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3.5.2 Numerical Integration Scheme for Damper Model 
When d c s, , and v v v are expressed as derivatives d c s, , and u u u   , Equation (3.9) can 
be written as: 
  ( ) ( )c c c d
s
C
u sgn u u u
k
αα+ ⋅ ⋅ =                                                                          (3.11) 
Equation (3.11) is the differential equation for the Nonlinear Maxwell model 
loaded by du , from which cu  can be solved. At discrete time it  and 1it + , Equation (3.11) 
is expressed as Equation (3.12) and Equation (3.13). An incremental form of Equation 
(3.11) can be derived by subtracting Equation (3.12) from Equation (3.13), resulting in 
Equation (3.14). 
( )αc, c, c, d,
s
i i i i
C
u sgn u u u
k
α
+ ⋅ ⋅ =                                                                           (3.12)    
( )αc, 1 c, 1 c, 1 d, 1
s
i i i i
C
u sgn u u u
k
α
+ + + ++ ⋅ ⋅ =                                                                 (3.13) 
c, c, d,
s
1
i i iu f uk∆ + ⋅ ∆ = ∆                                                                                     (3.14a) 
( ) ( )c, α c, 1 c, 1 c, c,i i i i if C sgn u u sgn u uα α+ + ∆ = ⋅ ⋅ − ⋅                                                (3.14b) 
where d, d , 1 d ,i i iu u u+∆ = − , c, c, 1 c,i i iu u u+∆ = − . c,if∆ is the incremental damper force at time 
step i. c,if∆  cannot be determined directly without knowing c, 1iu + , however, c,if∆ can be 
approximated as Equation (3.15). 
c, , c,i i if C uα∆ = ⋅∆

 (3.15 a)
( ) 1
, c, c,i i iC C sign u u
α
α α α
− 
= ⋅ ⋅ ⋅  

  (3.15 b) 
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where 
,iCα

is the tangent slope of the c c-f v curve at it ; c,iu∆   is the incremental velocity at 
it . Since the c c-f v curve is nonlinear, iteration is required to determine ,iCα

. Also, 
Equation (3.15b) shows that 
,iCα

 becomes infinite when c,iu  approaches zero, which will 
cause numerical problem. To overcome this problem, the c c-f v relationship of the 
nonlinear dashpot is linearized within a small range of damper relative velocity cv . The 
linearization is shown schematically in Figure 3.26. The damping coefficient, Ceq, of the 
equivalent linear dashpot is 1eq c1C C v
α
α
−
= ⋅ , where c1v is the threshold relative velocity 
for the linearization. For Cα=696 kN-s/m and α=0.44, Ceq equals 8100 kN-s/m for 
c1 0.0125v = m/s. 
Equation (3.14a) , therefore, can be rewritten as 
c, , c, d,
s
1
i i i iu C u uk α
∆ + ⋅ ⋅ ∆ = ∆

                                                                            (3.16a)
( )
eq c, cl
1,
c, c, c, cl
                                       for
   for
i
i
i i i
C u v
C
C sign u u u v
αα
α α
−
 ≤

=   
⋅ ⋅ ⋅ >   


  
(3.16b) 
The Newmark’s numerical integration method (Chopra 2011) is employed to 
solve Equation (3.16), where the incremental relative velocity c,iu∆  is expressed as: 
c, c, c, c,12i i i i
u u u t u
t
γ γ γ
β β β
 ∆ = ⋅∆ − ⋅ − ∆ ⋅ − ⋅ ∆  
  
                                                 (3.17)  
The average acceleration method, with 1
2
γ = and 1
4
β =
 is used, so that the last 
term in Equation (3.17) is zero. Substitute Equation (3.17) into Equation (3.16a) results in 
Equation (3.18): 
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α ,
d, c,
s
c,
s,,
s
ˆ
ˆ
1
i
i i
i
i
ii
C
u u
k p
u
kC
k t
α
γ
β
γ
β
 ∆ + ⋅ ⋅  ∆ ∆ = =
 
+ ⋅  ∆ 


                                                                  (3.18) 
Where: 
α,
d, c,
s
ˆ
i
i i i
C
p u u
k
γ
β
 ∆ = ∆ + ⋅ ⋅ 
 


  
,
s,
s
ˆ 1 ii
C
k
k t
α γ
β= + ⋅ ∆

. 
This integration procedure using the tangent slope of the c c-f v curve, ,iCα

, at it  
leads to incremental damper deformation c,iu∆  at it  and damper deformation 
c, 1 c, c,i i iu u u+ = + ∆  at 1it + . Inaccurate results of c, 1iu +  could be resulted as the tangent slope 
of the c c-f v  at it may not follow the exact c c-f v nonlinear curve and create an unbalanced 
force, ˆi i iR p f∆ = ∆ − ∆ , where if∆  is as follows: 
( ) ( )α c, 1 c, 1 α c, c,i i i i if C sgn u u C sgn u uα α+ +∆ = ⋅ ⋅ − ⋅ ⋅                                               (3.19) 
The additional damper deformation c,iu∆  due to this unbalanced force can be determined 
as: 
 
2
c,
s,
ˆ
i
i
i
R
u
k
∆∆ =
                                                                                                      (3.20) 
This additional damper deformation 2c,iu∆ is used to calculate a new unbalanced force, and 
the process is continued until acceptable accurate result is reached. This required iterative 
process for determining the c,iu∆  from it  to 1it +  for each iteration 1,  2,  3,  ...j =  with 
initial condition 0c, 1 c,=i iu u+ and 1 ˆi iR p∆ = ∆  is summarized as: 
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c,
s,
ˆ
j
j i
i
i
R
u
k
∆∆ =                                                                                                     (3.21a) 
1
c, 1 c, 1 c,
j j j
i i iu u u
−
+ += + ∆                                                                                           (3.21b)  
( ) ( )α c, 1 c, 1 α c, c,j j j j ji i i i if C sgn u u C sgn u uα α+ +∆ = ⋅ ⋅ − ⋅ ⋅                                            (3.21c)  
1j j j
i i iR R f+∆ = ∆ − ∆                                                                                           (3.21d) 
The iterative process terminates after n iterations when c,
j
iu∆  becomes small enough 
compared to the current estimate of c,iu∆  (e.g., c, c,0.001j i iu u∆ ≤ ⋅∆  ), and the damper 
deformation increment from it  to 1it +  is as: 
c, c,
1
n
j
i i
j
u u
=
∆ = ∆∑                                                                                                  (3.22) 

3.6 Damper Parameter Identification 
3.6.1 Identification of Cα and α 
The damping coefficient, Cα , and velocity exponent, α, of the dampers can be 
identified using the characterization test data, with the df  measured from characterization 
tests and bdv  derived by finite difference of the measured bdu  data. The typical force-
relative velocity relationship for a viscous damper in the form of Equation (3.1) was used 
to obtain the optimal Cα and α by curve fitting the test data using a least-squares method. 
This identification of Cα, and α using Equation (3.1) initially neglects the elastic 
flexibility effect on the damper response for two reasons: (1) the elastic flexibility effect 
diminishes with increasing damper force as observed in Section 3.5.1; (2) the variation in 
the spring deformation (i.e., su ) is small when the damper force is large.  
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In this study, values of Cα=696 kN-s/m and α=0.44 were identified for the 
dampers. Figure 3.27 through Figure 3.29 compare d d-f v  data from the characterization 
tests with Equation (3.1) using the identified Cα and α, for damper#1, damper#2, and 
damper#3. The figure show good agreement is achieved between the test data and 
Equation (3.1) with these Cα and α values over the range with large damper force.   
 
3.6.2 Identification of ks  
Figure 3.30 demonstrates the effect of ks on the hysteretic response of a nonlinear 
viscous damper with Cα=696 kN-s/m and α=0.44. The Nonlinear Maxwell damper model 
is used with a linear elastic spring with various ks values. The model is subjected to a 
harmonic deformation with amplitude of 25.0 mm and frequency of 2.0 Hz. For a model 
with a rigid spring (i.e. sk → ∞ ), the hysteretic response of the damper is the response of 
a nonlinear viscous dashpot. For a model with liner elastic spring with a finite ks value, 
the d d-f u  hysteretic response is inclined and the d d-f v  hysteresis response is inflated near 
d 0v = . The inclination of the d d-f u  hysteresis loops and inflation of the d d-f v  hysteresis 
loops become more obvious as ks decreases (i.e., the spring become more flexible).   
The nonlinear elastic spring in the Nonlinear Maxwell damper model shown in 
Figure 3.25(b), accounts for a stiffness variation over a range of damper relative 
velocities. Figure 3.31 compares the hysteretic response of the Nonlinear Maxwell 
damper model with a rigid spring, with a linear elastic spring with ks=175130 kN/m 
(1000 kips/in), and with the proposed nonlinear elastic spring, respectively. The nonlinear 
elastic spring has ks1=175130 kN/m (1000 kips/in), ks2=10ks1, vd1=0.05 m/s, and vd2=0.20 
m/s. Unlike the hysteretic response of the model with a rigid spring, the hysteretic 
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response of the model with a linear or a nonlinear spring has inclined d d-f u  hysteresis 
loops and inflated d d-f v  hysteresis loops. Moreover, the inclination of the d d-f u  
hysteresis loops and inflation of the d d-f v  hysteresis loops can be controlled by the 
stiffness parameters.   
The values of s1k , s2k , d1v , and d2v  were identified by minimizing the error 
between the response of the Nonlinear Maxwell model and the characterization test data. 
The particle swarm optimization (PSO) algorithm (Kennedy 2010) was used to minimize 
the error. 50 particles and 100 iterations were used for the PSO algorithm. The error 
function that was minimized is the normalized RMS error between the (“predicted”) 
damper force from the model ( pdf ) and damper force measured in the tests ( mdf ) at the 
same damper deformation, as expressed in Equation (3.23). The results are ks1=201890 
kN/m (1250 kips/in), ks2=10 ks1, vd1=0.07 m/s, and vd2=0.21 m/s, with a final normalized 
RMS error of 1.4%. 
m p 2
d, d,
m 2
d,
( - )
  =
( )
i i
i
f f
normalized RMS error
f
∑
∑
                                                         (3.23) 
Figure 3.32 through Figure 3.34 compare the hysteretic response from the 
Nonlinear Maxwell damper model with the identified parameters and the hysteretic 
response measured from the characterization tests. Damper hysteretic responses of the 7 
full cycles are plotted in the figures for comparison. As shown, the Nonlinear Maxwell 
damper model predicts the damper force response accurately for the given damper 
deformation. The inclination of the d d-f u hysteresis loops and inflation of the d d-f v  
hysteresis loops in the characterizing tests are captured by the model.  
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3.7 Validation of Damper Model  
The Nonlinear Maxwell damper model for the large-scale nonlinear viscous 
dampers was assessed by comparing the damper force response predicted by the model 
with the response measured from tests with a predefined earthquake damper deformation 
loading history. The predefined earthquake damper deformation loading history was 
determined from numerical simulation of a three-story structure under an earthquake 
ground motion at the design basis earthquake (DBE) intensity level or the maximum 
considered earthquake (MCE) intensity level. As discussed in more detail in later 
chapters, the DBE and MCE ground motions have an exceedance probability of 10% and 
2% in 50 years, respectively. The structure is shown in Figure 3.35, with a single 
nonlinear viscous damper placed in the third story and modeled using the damper model. 
The B-POE270 ground motion record from the 1987 Superstition Hills Earthquake was 
used. The ground motion record was scaled to the DBE and MCE level with a scale 
factor of 1.72 and 2.57, respectively.  
Figure 3.36(a) and Figure 3.36(b) shows the damper deformation ( du ) loading 
histories for tests. The peak damper deformation is 28.9 mm and 62.5 mm (corresponding 
to a story drift of 1.26% and 2.73%) at the DBE and MCE level, respectively. Figure 
3.37(a) compares the damper force from the model in the numerical simulation and 
damper force measured in the test at the DBE level; good overall agreement is observed. 
The normalized RMS error is 14.1%. Figure 3.37(b) and Figure 3.37(c) compare the 
damper hysteretic responses. As can be observed, the inclination of the force-deformation 
loop and the inflation of the force-velocity loop are captured by the damper model.  
Figure 3.38 (a) compares the damper force from the damper model with the damper force 
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measured in the test at the MCE level. Good agreement is observed. The normalized RMS 
error is 11.6%. The damper hysteretic response is compared in Figure 3.38(b) and Figure 
3.38(c). The inclination of the d d-f u  hysteresis loops and the inflation of the d d-f v  
hysteresis loop are captured by the damper model. 
 
3.8 Summary  
Three large-scale nonlinear viscous dampers with a nominal force capacity of 600 
kN and a stroke of 125 mm were characterized by applying sinusoidal loading histories 
with various combinations of frequencies and deformation amplitudes. It was observed 
that the nonlinear viscous damper response is not purely viscous. Inclination of the 
damper force-deformation hysteresis loops and inflation of the damper force-velocity 
hysteresis loops were observed. This type of damper force-deformation response can be 
explained by the elastic flexibility of the damper body and the clevis connection. This 
flexibility is nonlinear, as it diminishes with an increase in damper force. Based on the 
damper response from the characterization tests, a damper model called Nonlinear 
Maxwell damper model was proposed for large-scale nonlinear viscous dampers. The 
Nonlinear Maxwell damper model has a nonlinear elastic spring and a nonlinear dashpot 
connected in series. The results in this chapter show the Nonlinear Maxwell damper 
predicts damper response that agrees with the response measured in the characterization 
tests. Results from tests with predefined earthquake damper deformation loading histories 
provided a validation of the accuracy of the Nonlinear Maxwell damper model. This 
model is suitable for numerical simulation of the response of structures with nonlinear 
viscous dampers under strong earthquake ground motions. 
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Table 3.1 Test matrix of characterization tests for dampers #1 
Frequency 
(Hz) 
Actuator stroke amplitude (mm) 
12.7 19.0 25.4 31.75 38.1 44.45 50.8 63.5 76.2 101.6 
0.25 √ √ √ √ √ √ √ √ √ √
0.5 √ √ √ √ √ √ √ √ √ √
0.75 √ √ √ √ √ √ √ √ √ √
1 √ √ √ √ √ √ √ √ √ √
1.25 √ √ √ √ √ √ √ √ √ √
1.5 √ √ √ √ √ √ √ √ √
 
2 √ √ √ √ √ √ √ √
  
3 √ √ √ √ √ √
    
4 √ √ √ √
      
 
 
 
Table 3.2 Test matrix of characterization tests for dampers #2 and #3 
Frequency 
(Hz) 
Actuator stroke amplitude (mm) 
12.7 19.0 25.4 31.75 38.1 44.45 50.8 63.5 76.2 101.6 
0.25 
          
0.5 
     
√ √ √ 
  
0.75 
          
1 
   
√ √ √ √ √ 
  
1.25 
  
√ 
       
1.5 √ √ 
 
√ √ 
     
2 
  
√ 
       
3 √ √ 
        
4 
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Figure 3.1 Theoretical hysteretic response of nonlinear viscous damper: (a) damper force-
deformation response; (b) damper force-velocity response 
 
 
 
 
 
Figure 3.2 Large-scale nonlinear viscous dampers from Taylor Device Inc. 
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(a) 
 
 (b) 
Figure 3.3 Test setup for characterization tests: (a) schematic of test set up; (b) 
photograph of test setup 
 
 
 
 
 
 
Figure 3.4 Chamber for temperature control 
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 (a) 
 
 (b) 
Figure 3.5 Instrumentation plan for damper characterization test: (a) front view; (b) top 
view 
 
 
 
 
 
Figure 3.6 Actuator stroke loading history for damper characterization tests 
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Figure 3.7 Hysteretic response of damper #1 under actuator stroke with various 
frequencies at amplitude of 12.7 mm (0.5 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
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Figure 3.8 Hysteretic response of damper #1 under actuator stroke with various 
frequencies at amplitude of 25.4 mm (1.0 inches): (a) fd-ubd; (b) fd-vbd;(c) fd-ud; (d) fd-vd 
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Figure 3.9 Hysteretic response of damper #1 under actuator stroke with various 
frequencies at amplitude of 38.1 mm (1.5 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
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Figure 3.10 Hysteretic response of damper #1 under actuator stroke with various 
frequencies at amplitude of 50.8 mm (2.0 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
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Figure 3.11 Hysteretic response of damper #1 under actuator stroke with various 
frequencies at amplitude of 76.2 mm (3.0 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
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Figure 3.12 Hysteretic response of damper #1 under actuator stroke with various 
frequencies at amplitude of 101.6 mm (4.0 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
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(a) 
 
   
(b) 
 
Figure 3.13 Hysteretic response of damper #1 under actuator stroke with frequencies of 
2.0 Hz and amplitude of 50.8 mm (2.0 inches): (a) fd-ud; (b) fd-vd 
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Figure 3.14 Hysteretic response of damper #2 under actuator stroke with various 
frequencies at amplitude of 12.7 mm (0.5 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
 
 
 
 
 
 
 
 
 
 
 
 
 
-40 -30 -20 -10 0 10 20 30 40
-600
-400
-200
0
200
400
600
ubd (mm)
f d
 
(kN
)
 
 
f=3.0 HZ
f=1.5 HZ
f=1.0 HZ
f=0.5 HZ
(a)
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
-600
-400
-200
0
200
400
600
vbd (m/s)
f d
 
(kN
)
 
 
f=3.0 HZ
f=1.5 HZ
f=1.0 HZ
f=0.5 HZ
(b)
-40 -30 -20 -10 0 10 20 30 40
-600
-400
-200
0
200
400
600
ud (mm)
f d
 
(kN
)
 
 
f=3.0 HZ
f=1.5 HZ
f=1.0 HZ
f=0.5 HZ
(c)
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
-600
-400
-200
0
200
400
600
vd (m/s)
f d
 
(kN
)
 
 
f=3.0 HZ
f=1.5 HZ
f=1.0 HZ
f=0.5 HZ
(d)
 51 
  
   
Figure 3.15 Hysteretic response of damper #2 under actuator stroke with various 
frequencies at amplitude of 25.4 mm (1.0 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
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Figure 3.16 Hysteretic response of damper #2 under actuator stroke with various 
frequencies at amplitude of 36.1 mm (1.5 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
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Figure 3.17 Hysteretic response of damper #2 under actuator stroke with various 
frequencies at amplitude of 50.4 mm (2.0 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
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Figure 3.18 Hysteretic response of damper #2 under actuator stroke with various 
frequencies at amplitude of 63.5 mm (2.5 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
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Figure 3.19 Hysteretic response of damper #3 under actuator stroke with various 
frequencies at amplitude of 12.7 mm (0.5 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
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Figure 3.20 Hysteretic response of damper #3 under actuator stroke with various 
frequencies at amplitude of 25.4 mm (1.0 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
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Figure 3.21 Hysteretic response of damper #3 under actuator stroke with various 
frequencies at amplitude of 36.1 mm (1.5 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
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Figure 3.22 Hysteretic response of damper #3 under actuator stroke with various 
frequencies at amplitude of 50.8 mm (2.0 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
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Figure 3.23 Hysteretic response of damper #3 under actuator stroke with various 
frequencies at amplitude of 63.2 mm (2.5 inches): (a) fd-ubd; (b) fd-vbd; (c) fd-ud; (d) fd-vd 
 
 
 
 
 
Figure 3.24 Temperature effects on damper hysteretic response of damper #1 under 
actuator stroke with frequency of 1.0 Hz and amplitude of 50.8 mm (2.0 inches): (a) fd-ud; 
(b) fd-vd 
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Figure 3.25 Nonlinear Maxwell damper model: (a) schematic of model; (b) nonlinear 
elastic spring model; (c) nonlinear dashpot model 
 
 
 
 
Figure 3.26 Equivalent linearization of nonlinear dashpot 
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      (a)                                                                (b) 
  
      (c)                                                                (d) 
  
      (e)                                                                (f) 
 
Figure 3.27 Comparison of fd-vd response from characterization tests at various 
frequencies with Equation (3.1) for damper #1: (a) actuator stroke=12.7 mm; (b) actuator 
stroke=25.4 mm; (c) actuator stroke=38.1 mm; (d) actuator stroke=50.8 mm; (e) actuator 
stroke=76.2 mm; (f) actuator stroke=101.6 mm 
 
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
-800
-600
-400
-200
0
200
400
600
800
ubd (m/s)
f d 
(kN
)
 
 
Characteriation tests
Equation (3.1)
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
-800
-600
-400
-200
0
200
400
600
800
ubd (m/s)
f d 
(kN
)
 
 
Characterization tests
Equation (3.1)
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
-800
-600
-400
-200
0
200
400
600
800
ubd (m/s)
f d 
(kN
)
 
 
Characterization tests
Equation (3.1)
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
-800
-600
-400
-200
0
200
400
600
800
ubd (m/s)
f d 
(kN
)
 
 
Characterization tests
Equation (3.1)
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
-800
-600
-400
-200
0
200
400
600
800
ubd (m/s)
f d 
(kN
)
 
 
Characterization tests
Equation (3.1)
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
-800
-600
-400
-200
0
200
400
600
800
ubd (m/s)
f d 
(kN
)
 
 
Characterization tests
Equation (3.1)
 62 
  
      (a)                                                                (b) 
   
      (c)                                                                (d) 
 
      (e)              
                                                    
Figure 3.28 Comparison of fd-vd response from characterization tests at various 
frequencies with Equation (3.1) for damper #2: (a) actuator stroke=12.7 mm; (b) actuator 
stroke=25.4 mm; (c) actuator stroke=38.1 mm; (d) actuator stroke=50.8 mm; (e) actuator 
stroke=63.5 mm 
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      (a)                                                                (b) 
  
      (c)                                                                (d) 
 
      (e)                            
                                      
Figure 3.29 Comparison of fd-vd response from characterization tests at various 
frequencies with Equation (3.1) for damper #3: (a) actuator stroke=12.7 mm; (b) actuator 
stroke=25.4 mm; (c) actuator stroke=38.1 mm; (d) actuator stroke=50.8 mm; (e) actuator 
stroke=63.5 mm 
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      (a)                                                                       (b)       
Figure 3.30 Effect of linear elastic spring in Maxwell model with Cα=696 kN-(s/m)α and 
α=0.44: (a) fd-ud; (b) fd-vd 
 
 
 
 
 
Figure 3.31 Effect of nonlinear elastic spring in Maxwell model with Cα=696 kN-(s/m)α 
and α=0.44: (a) fd-ud; (b) fd-vd 
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 (a) 
 
 
 (b) 
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(d) 
 
 
 (e) 
 
 
 (f) 
Figure 3.32 Damper hysteretic response from characterizaion tests and Nonlinear 
Maxwell model at various frequencies for damper #1: (a) actuator stroke=12.7 mm; (b) 
actuator stroke =25.4 mm; (c) actuator stroke =38.1 mm; (d) actuator stroke =50.8 mm; (e) 
actuator stroke =76.2 mm; (f) actuator stroke =101.6 mm 
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 (d) 
 
 
(e) 
 
Figure 3.33 Damper hysteretic response from characterizaion tests and Nonlinear 
Maxwell model at various frequencies for damper #2: (a) actuator stroke=12.7 mm; (b) 
actuator stroke =25.4 mm; (c) actuator stroke =38.1 mm; (d) actuator stroke =50.8 mm; (e) 
actuator stroke =63.5 mm 
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(d) 
 
 
 (e) 
Figure 3.34 Damper hysteretic response from characterizaion tests and Nonlinear 
Maxwell model at various frequencies for damper #3: (a) actuator stroke=12.7 mm; (b) 
actuator stroke =25.4 mm; (c) actuator stroke =38.1 mm; (d) actuator stroke =50.8 mm; (e) 
actuator stroke =63.5 mm 
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Figure 3.35 Three-story structure with a nonlinear viscous damper in third story 
 
 
 
 
Figure 3.36 Predefined earthquake damper deformation loading history: (a) DBE level; (b) 
MCE level 
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(a) 
 
 
     (b)                                                                (c) 
Figure 3.37 Comparison of test results with Nonlinear Maxwell model for DBE level 
earthquake damper deformation loading history: (a) damper force time history; (b) fd-ud; 
(c) fd-vd 
 
 
 
 
 
 
 
 
 
 
0 5 10 15 20 25
-600
-400
-200
0
200
400
600
Time (s)
D
a
m
pe
r 
fo
rc
e 
(kN
)
 
 
Test
Model
f d (
kN
) 
-30 -20 -10 0 10 20 30
-600
-400
-200
0
200
400
600
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 (k
N
)
 
 
Test
Model
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
-600
-400
-200
0
200
400
600
Damper velocity (m/s)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
 
 
Test
Model
vd (m/s) ud ( m) 
f d (
kN
) 
f d (
kN
) 
 73 
 
(a) 
 
       (b)                                                                 (c) 
Figure 3.38 Comparison of test results with Nonlinear Maxwell model for MCE level 
earthquake damper deformation loading history: (a) damper force time history; (b) fd-ud; 
(c) fd-ud 
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Chapter 4  
Design of Prototype Building, Prototype Structure, and Test Structure  
 
4.1 General 
This chapter presents the design of the prototype building and test structure that 
will be used as the basis for analytical and experimental studies in this research program. 
The design calculations for the prototype building and prototype structure are based on 
ASCE 7-10 (ASCE 2010), IBC 2009 (ICC 2009), AISC 360-10 (AISC 2010a), and AISC 
341-10 (AISC 2010b). The prototype building is assumed to be a typical office building 
located on a stiff soil site in Southern California. Moment resisting frames (MRFs) and 
frames with nonlinear viscous dampers and associated diagonal bracing (DBFs) 
constitute the seismic lateral force resisting system of the prototype building. A 
performance-based design approach is used for the prototype building and three different 
strength level designs of the prototype building are generated. A single-bay MRF and a 
single-bay DBF are extracted from the prototype buildings to serve as the prototype 
structure. The prototype structure is scaled down with a factor of 0.6 to develop the test 
structure for the analytical and experimental studies.  
 
4.2 Prototype Building Description 
4.2.1 Configuration 
The floor plan of the prototype building, as shown in Figure 4.1(a), is 150 feet by 
150 feet, with six bays in each direction. The layout of the building is symmetric about 
two axes. A total of eight identical perimeter single-bay moment-resisting frames (MRF) 
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provide the strength of the seismic lateral force resisting system of the building with four 
MRFs in each direction. A total of eight frames with nonlinear viscous dampers and 
associated diagonal bracing (DBF) provide drift control for the building with four DBFs 
in each direction. The gravity load resisting system includes frames uniformly distributed 
in the plan to support the gravity loads. The MRFs and DBFs work in parallel in the same 
direction through the action of the floor diaphragm. The seismic tributary area for each 
single-bay MRF and single-bay DBF in one direction is one quarter of the total building 
area. Figure 4.1(b) shows a section view of the prototype building in the north-south 
direction by showing the section through two MRFs and the section through two DBFs. 
The prototype building is three stories tall and has one basement story. The typical story 
height, including the height of the basement, is 12.5 feet. The horizontal displacement of 
the building is restrained at the ground level and the columns of the MRFs and DBFs are 
fixed to the basement floor at the column base. As shown, chevron diagonal braces are 
used with the nonlinear viscous dampers in each story of the DBF. One nonlinear viscous 
damper is located between the diagonal brace and floor beam in each story of the DBF.   
The floor system for the prototype building is a composite concrete slab on metal 
deck supported by steel beams; the roof system is a metal deck on steel beams. Both the 
floor and roof systems are assumed to act as rigid diaphragms that transfer the 
earthquake-induced inertial forces into the MRFs and DBFs. 
The prototype building is assumed to be located on a stiff soil site in Southern 
California, an area of high seismicity in the United States. The site is assumed to belong 
to site class D according to ASCE 7-10 (ASCE 2010) with a shear wave velocity between 
600 ft/s and 1200 ft/s.  
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4.2.2 Relationship of Prototype Structure to Prototype Building  
Taking advantage of the plan symmetry of the prototype building, one single-bay 
MRF, one single-bay DBF, and the gravity frames that are tributary to one single-bay 
MRF and one single-bay DBF in the north-south direction are extracted as the prototype 
structure for analytical and experimental studies. Figure 4.2 shows the configuration of 
the prototype structure.   
 
4.3 Performance-based Design of Prototype Building with Nonlinear Viscous 
Dampers 
A performance-based design approach is used for the prototype building. In this 
approach, the nonlinear viscous dampers of the DBF can be sized for a specified design 
of the MRFs to achieve given performance objectives. Alternatively, the MRFs can be 
designed for a specific design of the DBFs.  
A performance-based design of the prototype building with various MRF designs 
with a specified design of the DBFs was made considering the following: (1) the 
availability of nonlinear viscous dampers with limited sizes made it practical to use fixed 
reasonable-sized nonlinear viscous dampers and design the MRFs to achieve the 
performance objectives; (2) since ASCE 7-10 requires the seismic lateral force resisting 
system for a building with dampers to be designed for a minimum strength level, it is 
worthwhile to investigate the performance of buildings with the MRFs designed for 
different strength levels; (3) it is more efficient to conduct research on structures with a 
single damping system and different MRFs as  shown later.  
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Three versions of the prototype structure described in Section 4.2 were designed. 
In the first design, the MRFs were designed for the full seismic design base shear 
calculated using the equivalent lateral force (ELF) procedure in ASCE 7-10; this 
prototype structure is referred to as the D100V structure. In the second design, the MRFs 
were designed for 75% of the seismic design base shear; this prototype structure is 
referred to as the D75V structure. In the third design, the MRFs were designed for 60% 
of the design base shear; this prototype structure is referred to as the D60V structure. In 
all designs, the combined system of MRFs and DBFs satisfies the drift control 
requirements of ASCE 7-10. As ASCE 7-10 requires the seismic base shear strength of 
the MRFs for a building with a damping system to be not less than 75% of the design 
base shear for a building without a damping system, the D60V structure does not satisfy 
the requirements of ASCE 7-10.  
In this research, rather than design a different MRF for the D100V structure, the 
D75V structure, and the D60V structure, respectively, seismic weight was added to the 
D75V and the D60V structure by increasing the seismic tributary area so that the D75V 
structure and the D60V structure have a seismic weight of 1/3 and 2/3 more than the 
D100V structure, respectively. As a result, the design base shear of the D75V structure 
and D60V structure is 1/3 and 2/3 more than the design base shear of the D100V 
structure. The increased seismic tributary areas are shown in Figure 4.3, where the 
seismic tributary areas for the D100V structure, D75V structure, and D60V structure are 
3bay-by-3bay, 3bay-by-4bay, and 3bay-by-5bay, respectively. As a result, the MRF in 
the D100V structure, in the D75V structure, and in the D60V structure provide 100%, 
75%, and 60% of the strength required by ASCE 7-10, respectively. The same DBF, 
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equipped with nonlinear viscous dampers, is the damping system for the D100V 
structure, D75V structure, and D60V structure. Therefore, the designs of the D100V 
structure, the D75V structure, and the D60V structure are simplified into the design of 
one single-bay MRF and one single-bay DBF. 
 
4.4 D100V Prototype Structure Design 
4.4.1 Loads 
4.4.1.1 Gravity Loads and Effective Seismic Weight 
The effective seismic weight for the prototype building is based on estimates 
made according to ASCE 7-10 and IBC 2009 (ICC 2009) . A summary of dead loads for 
the prototype building is presented in Table 4.1 and Table 4.2. The unit weights of the 
building components were calculated using recommendation from IBC 2009. The floor 
and roof total unit weights used for design of prototype building are 90 psf and 80 psf, 
respectively. The live loads for the prototype building are also determined from IBC 2009 
based on the occupancy type of the building. The floor live load is 50 psf plus a partition 
load of 20 psf.  The roof live load is 20 psf.  The dead loads and the partition loads are 
included in the seismic weight calculation; therefore, the unit weights used to calculate 
the seismic weight is 110 psf and 80 psf for the floors and roof, respectively. Table 4.3 
summarizes the seismic weights for the D100V structure.  
 
4.4.1.2 Live Load Reduction for Prototype Structure Design 
Live load reduction is carried out according to ASCE 7-10. For members with KLL 
AT not less than 400 ft2, the reduced live load is: 
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0
LL T
150.25L L
K A
 
= +  
 
                                                         (4.1) 
where, L is the reduced live load; L0 is the unreduced live load per square foot of area 
supported by the member, as described in Section 4.4.1.1; KLL is the live load element 
factor; AT is the tributary area for the member in ft2. L shall not be less than 0.5L0 for 
members supporting one floor and L shall not be less than 0.4L0 for members supporting 
two or more floors. Since the tributary area for a beam in the MRF is equal to 78.1 ft2 
which is less than 400 ft2, live load reduction was not used for the beams. Table 4.4 
presents the live load reduction factors for the MRF columns in the first and second 
stories of the D100V prototype structure.   
 The reduced roof live load is specified as: 
r 0 1 2 r          where 12 20 psfL L R R L= ≤ ≤                                                          (4.2) 
where Lr is the reduced live load; R1 and R2 are the reduction factors determined as 
follows: 
  
2
T
2
1 T T
2
T
1               for 200 ft
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0.6           for 600 ft
A
R A A
A
 ≤

= − ≤ ≤
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                                               (4.3) 
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1.2 0.05         for 4 12   
0.6               for 12
F
R F F
F
≤

= − ≤ ≤
 ≥
                                                            (4.4) 
where F is the number of inches of rise per foot of run of the roof slope. For the flat roof 
used for the prototype building in this study, F=1, R2=1. The MRF column in the third 
story has a tributary area 2T 12.5 ft 12.5 ft =312.5 ftA = × , therefore, R1=0.8875, and Lr 
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=0.8875L0=17.8 psf. The tributary area for the MRF beam at the roof equals to 78.1 ft2, 
so there is no live load reduction. 
 
4.4.1.3 Equivalent Lateral Forces 
The seismic loads for the design of the prototype structure were determined using 
the equivalent lateral force (ELF) procedure in ASCE 7-10 and IBC 2009. As mentioned 
earlier, the prototype building is assumed to be located on stiff soil which corresponds to 
site class D, and the prototype building has office occupancy which places it in the 
seismic use group I with an importance factor IE, equal to 1.0. Since no specific site was 
selected initially for the prototype building, the deterministic limit on the maximum 
considered earthquake (MCE) response spectrum was used as the design basis, where the 
seismic input is defined by the short period spectral acceleration, SS , equal to 1.5g and 
the spectral acceleration at one second, 1S , equal to 0.6g. Based on these values of SS  
and 1S , along with site classification of D, the site coefficients Fa and Fv are equal to 1.0 
and 1.5, respectively. Thus the MCE response spectrum, SaM, can be described as follows: 
aM 1.5              for 0.6 secondsS g T= ≤                                                             (4.5a) 
( )aM 0.9      for 0.6 secondsS T g T= >                                                            (4.5b) 
where T is the period. The design basis earthquake (DBE) spectral acceleration, Sa, at any 
period is two-thirds of the MCE spectral acceleration, expressed as follows:  
a aM2 3S S=                                                                                                                                                             (4.6) 
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The DBE response spectrum defined by Equation (4.6) is plotted in Figure 4.4. 
For the DBE response spectrum, the short period design spectral response acceleration, 
DSS , is 1.0g, and the design spectral acceleration at 1.0 second, D1S , is 0.6g.  
The seismic base shear, V, in a given direction is determined in accordance with 
the following equation: 
sV C W=                                                                                                              (4.7) 
where, W is the effective seismic weight, and Cs is the seismic response coefficient. The 
value of Cs is computed in accordance with Equation (4.8) and need not exceed the 
values from Equation (4.9), and Cs should not be less than the value from Equation 
(4.10). In addition, for structures located on a site where S1 is equal to or greater than 
0.6g, Cs should not be less than the value in Equation (4.11). 
DS
s
E
SC
R I
=                                                                                                            (4.8) 
( )
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E
    for  L
SC T T
T R I
= ≤                                                                              (4.9a) 
( )
D1 L
s 2
E
    for  L
S TC T T
T R I
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( )s DS Emin 0.044 0.01C S I= ≥                                                                              (4.10) 
D1
s
E
0.5SC
R I
=                                                                                                       (4.11) 
where TL is the long-period transition period, equals to 12 seconds for the southern 
California region, where the prototype building is assumed to be located; and R is the 
response modification factor, equal to 8 for steel special moment moment-resisting frame 
(SMRF) systems. A plot of Cs versus T is shown in Figure 4.5. For the purpose of 
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determining Cs, the period T equals to the maximum fundamental period, Tmax, defined in 
ASCE 7-10 as: 
max u aT C T=                                                                                                         (4.12) 
where Cu is the coefficient for the upper limit on the calculated period, equal to 1.4 when  
D1 0.4S g≥ ; and Ta is the approximate fundamental period defined as:  
( )a t xnT C h=                                                                                                      (4.13) 
where hn is the height in feet above the base to the highest level of the structure; and Ct 
and x are based on the structural system type. For a building with a steel SMRF system, 
x=0.8 and Ct=0.028. 
For the prototype structure, applying Equation (4.12) and Equation (4.13) leads to 
Tmax equal to 0.71 seconds. Tmax is used as T to determine the equivalent lateral forces to 
design the lateral strength of the prototype structure since it is smaller than the calculated 
fundamental, or first mode, period, T1 =1.32 seconds of the D100V prototype structure, 
given later. Tmax is not applied in calculating the equivalent lateral forces used to check 
the lateral drift. The lateral drift check was based on equivalent lateral forces calculated 
using the actual fundamental period of the prototype structure. With max 0.71T T= =  
seconds, the design base shear of the D100V prototype structure is 177.8V =  kips from 
Equation (4.7).  
The vertical distribution of the equivalent lateral forces along the height of the 
prototype structure is determined by applying a vertical distribution factor vxC , to the 
design base shear, V. The lateral seismic force, Fx, at level x is: 
	
x vxF C V=                                                                                                         (4.14) 
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where vxC  is the vertical distribution factor calculated as follows: 
( )
( ) floors
1
k
x x
vx n
k
i i
i
W h
C
W h
=
=
∑
                                                                                           (4.15) 
where iW  and xW  are the portion of the effective seismic weight located at level i or x; hi 
and hx is the height from the base to level i or x; and k is an exponent related to the 
building period as follows: for 0.5 , 1T k≤ = ; for 2.5 , 2T k≥ =  and when 0.5 2.5T< <
, k shall be determined by linear interpolation between 1 and 2. For 
max 0.71T T= =  
seconds, k=1.106.  
IBC 2009 requires consideration of forces on the lateral force resisting system 
from unexpected accidental torsion. For a building with rigid diaphragms and no 
eccentricity between the location of the center of mass and the location of the center of 
rigidity, the accidental torsional moment is calculated by locating the center of mass 
away from its calculated location by a distance equal to 5 percent of the floor plan 
dimension. For a floor plan with perimeter MRFs, considering only the torsional 
resistance provided by the MRFs in the direction orthogonal to the eccentricity, the 
increase in the lateral force due to the accidental torsion is 10% of the forces calculated 
from the ELF procedure. The resulting vertical distribution of seismic forces is as listed 
in Table 4.5. 
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4.4.1.4 Load Combinations 
ASCE 7-10 and IBC 2009 specifies load combinations for load and resistance 
factor design (LRFD), and the following four load combinations were considered for the 
design of the prototype structure: 
(1) 
r1.2 1.6 0.5D L L+ +  
(2) 
r1.2 0.5 1.6D L L+ +  
(3) 1.2 0.5 1.0D L E+ +  
(4) 0.9 1.0D E+  
where, D represents the dead load effect, L represents the live load effect, Lr represents 
the roof live load effect, and E represents the seismic load effect. 
Load combinations (3) and (4) include the seismic load effects, E, which include 
the axial, shear, and flexural member forces resulting from horizontal and vertical seismic 
forces. The seismic load effects, E, used in load combinations (3) and (4) are as follows: 
 E DS0.2E Q S Dρ= ±                                                                                          (4.16) 
where EQ  represents the effects of horizontal seismic forces; DS0.2S D  represents the 
effects of vertical seismic forces; and ρ is a redundancy coefficient in accordance with 
ASCE 7-10. For buildings assigned to Seismic Design Category D, E, or F, ρ equals 1.3, 
however, ρ is permitted to equal 1.0 for calculation of drift and P-delta effects, or design 
of nonstructural components. DSS  equals 1.0 for the prototype building. When E is 
introduced into the load combinations, considering the direction of the seismic load 
effects, six specific load combinations are derived for design of the prototype structure, 
as follows: 
(1) 
r1.2 1.6 0.5D L L+ +  
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(2) 
r1.2 0.5 1.6D L L+ +  
(3)  ( )DS E E1.2 0.2 0.5 1.4 1.3 0.5S D Q L D Q Lρ+ + + = + +  
(4)  ( )DS E E1.2 0.2 0.5 1.0 1.3 0.5S D Q L D Q Lρ− + + = + +  
(5)  ( )DS E E0.9 0.2 1.1 1.3S D Q D Qρ+ + = +  
(6)  ( )DS E E0.9 0.2 0.7 1.3S D Q D Qρ− + = +  
 
4.4.2 Linear Elastic Analysis for Prototype Structure Design 
To design the prototype structure, elastic analyses were conducted using 
SAP2000 (CSI 1997) for the load combinations described above. The analytical model 
for the D100V prototype MRF is shown in Figure 4.6. The model is based on centerline 
dimensions. The column base is fixed in the basement and the structure is laterally 
restrained at the ground level. The rigidity of the panel zones is modeled using a ‘rigid 
offset’ at the beam-column connection. The length of the ‘rigid offset’ is equal to 50% of 
the member dimensions to account for the partial rigidity of the panel zones. The gravity 
frames in the seismic tributary area of the MRF are represented by a lean-on column. The 
lean-on column is pinned at the base and its section properties are a summation of the 
section properties of all the gravity columns in the seismic tributary area. The mass of 
each floor is lumped on the lean-on column. The lean-on column is rigidly attached to the 
beams of the MRF using rigid diaphragm.  
Gravity loads tributary to the MRF are directly applied to the MRF. Table 4.6 lists 
the gravity loads tributary to the MRF in the prototype structure. The remaining gravity 
loads in the seismic tributary area are applied to the lean-on column; the tributary area for 
this gravity load is calculated by subtracting the tributary area of the MRF from the total 
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seismic tributary area, ( 2 2 2i.e., 5625 ft 625 ft 5000 ft− = ). Table 4.7 lists the gravity 
loads applied to the lean-on column. Table 4.8 presents the equivalent lateral forces for 
the MRF. The equivalent lateral forces are applied to the lean-on column. The P-∆ effects 
of the gravity loads are accounted for by the lean-on column. The P-δ effects were 
accounted for by amplifying the moments from first-order analysis with a factor B1 from 
the AISC 360-10 (AISC 2010a). The analysis results provide the basis for member 
design. 
 
4.4.3 Member Size Determination 
The beams and columns are designed according to the AISC 360-10: (AISC 
2010a) in combination with the AISC 341-10 (AISC 2010b). Wide flange sections with 
ASTM A992 steel were selected for the beams and columns. The members are treated as 
beam-column members subjected to flexure and axial force, and designed to satisfy 
strength and stability criteria. The flexure and axial forces in the members satisfy the 
following formulae: 
 
r r r
c c c
8 1.0     for  0.2
9
P M P
P M P
+ ≤ ≥                                                                    (4.17a) 
r r r
c c c
1.0       for  0.2
2
P M P
P M P
+ ≤ <                                                                    (4.17b) 
where Pr and Mr is the required axial strength and flexural strength from analysis using 
LRFD load combination, respectively; 
c c nP Pφ=  is the design axial strength; c b nM Mφ=  
is the design flexural strength; cφ  is resistance factor for axial compression, c 0.9φ = ; and 
bφ  is the resistance factor for flexure, b 0.9φ = . 
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The beams are assumed to be laterally braced at mid span and quarter points. The 
columns are assumed to be laterally braced at each floor level. The D100V prototype 
structure was designed for the strength requirements of ASCE 7-10. The lateral drift limit 
requirement was met by the MRF and DBF with the nonlinear viscous dampers, as 
described in Section 4.3. The sections selected for the beams and columns are presented 
in Figure 4.7. Table 4.9 and Table 4.10 summarize the story drifts and the modal 
properties of the D100V prototype MRF, respectively. 
 
4.5 Test Structure Design 
The test structure is developed by scaling down the prototype structure using a 
length scale factor 0.6λ =  to accommodate laboratory condition. The test structure 
consists of a single-bay MRF, a single-bay DBF, the gravity load system and associated 
seismic mass that is tributary to the MRF and DBF, as shown in Figure 4.8. To establish 
the similitude between the prototype structure and the test structure, maintaining equal 
stress and acceleration, time is scaled by λ , and masses are scaled by 2λ . Table 4.11 
summarizes the scale factors for the quantities between the prototype structure and the 
test structure. The test structure member sizes are determined by scaling down the 
member section properties of the prototype structure and adjusting them as needed to use 
available steel sections that closely meet the design criteria. The test structure is laterally 
restrained at the ground level as shown in Figure 4.8. In the test structure, only 2/3 of the 
true height of the basement column is included, and the columns are pined at an assumed 
inflection point at 1/3 of the true column height from the bottom of the basement, as 
shown in Figure 4.8. 
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4.5.1 Design of MRF 
The member sizes of the D100V prototype MRF and the test structure MRF are 
given in Table 4.12. Table 4.13 compares the modal properties of the prototype MRF and 
the test structure MRF. The model properties of the test structure MRF was obtained 
through linear elastic analysis using an analytical model for the test structure MRF that 
similar to the analytical model for the D100V prototype MRF, as shown in Figure 4.6, 
with the scaled dimensions, member sizes, and loads. The difference in the natural 
periods between the prototype MRF and the test structure MRF are about 2.0%, which 
indicates good similitude achieved between the D100V prototype MRF and the test 
structure MRF. 
 
4.5.1.1 Design of Reduced Beam Sections (RBS) for MRF 
Reduced beam section (RBS) beam-to-column connections were used in the MRF 
of the test structure to protect the beam-to-column welded connections of the MRF. The 
RBS connections limit the moment that can develop at the face of the column by 
reducing the moment capacity within the reduced beam section away from the column. 
Thus, the RBS reduces the possibility of fracturing the beam-to-column welded 
connections. Each RBS is designed according to the AISC 358-10: Prequalified 
Connections for Special and Intermediate Steel Moment Frames for Seismic Applications 
(AISC 2010c). The location and dimensions of the RBS were determined on the basis 
that moment at the column face ( fM ) is allowed to be 85 to 100 percent of the beam 
plastic moment ( peM ). peM is based on the expected yield stress of the beam section. The 
detailed procedure for the design of the RBS is as follows:   
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Step (1). Choose trial location and dimensions of the RBS based on the following 
limits:  
( ) f0.5 to 0.75a b≈                                                                                            (4.18) 
( ) b0.65 to 0.85b d≈                                                                                         (4.19) 
f0.2c b≈                                                                                                            (4.20) 
where a, b, and c are as shown in Figure 4.9; bf and db are the beam flange width and 
beam depth, respectively.  
Step (2). Calculate the plastic section modulus at the center of the RBS, RBSZ , the 
maximum expected moment at the center of RBS, pr,RBSM ,  and the moment at the 
column face, fM , as follows: 
( )RBS b f b f2Z Z ct d t= − −                                                                                   (4.21) 
pr,RBS pr y RBS yM C R Z F=                                                                                       (4.22) 
( )f pr,RBS p 2M M V a b= + +                                                                               (4.23) 
where Zb is the plastic section modulus of the full beam section; tf is the beam flange 
thickness; Cpr is the strain hardening factor, Cpr=1.15; Ry is the ratio of the expected yield 
stress to the nominal yield stress of the steel Ry=1.1; Fy is the nominal yield stress of the 
steel; and Vp is the beam shear force at the location of the RBS. 
Step (3). Check if fM  is in the range of 85 to 100 percent of peM  of the beam 
section, where pe y yM R ZF= : 
f pe0.85 1.0M M≤ ≤                                                                                        (4.24) 
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The designs of the RBS are summarized in Table 4.14. Figure 4.10 shows the 
RBS design for each floor of the test structure MRF. With these designs, f peM M  is 
88%, 91%, and 91% for the RBS in the 1st, 2nd, and 3rd floor, respectively. The ratio of 
the factored design capacity ( nMφ ) over the design demand ( designM ) based on ASCE 7-
10 and AISC 360-10, i.e., n designM Mφ , for the first floor beam is reduced from 1.047 for 
the MRF without RBS to 0.84 for MRF with RBS, which suggests the lateral strength of 
the MRF is reduced about 20% by using the RBS, i.e., yielding will initiate in the RBS 
when the applied lateral forces reach 80% of the design base shear of the MRF.  
 
4.5.1.2 Design of Panel Zone of Beam-to-Column Connections  
The panel zone strength was checked to see if doubler plates are needed to avoid 
shear yielding in the panel zones of the beam-to-column connections. The shear force 
demand in the panel zone, pzV , is determined from the maximum expected shear force 
change in column, V∆ , at the location of each beam flange and the shear force in the 
column, ctV  and cbV , above and below the panel zone as shown in Figure 4.11. The 
design criterion is that pzV  should be less than the design shear strength, v vRφ , as follows:  
( )f b0.95V M d∆ =                                                                                         (4.25a) 
ct cb c0.5V V M h= =                                                                                         (4.25b) 
pz cbV V V= ∆ −                                                                                                  (4.25c) 
( )v v v c w p y0.6 2R d t t Fφ φ= +                                                                             (4.25d) 
where Mc is expected column moment at the center of the panel zone; h is the story height 
with the assumption that the inflection point in the column is at the bottom of the lower 
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column and the top of the upper column; wt is the column web thickness; pt is the 
thickness of the doubler plate; and vφ  is the resistance factor for shear, v 0.9φ = . 
To prevent shear buckling in the panel zone, AISC 341-10 requires the panel zone 
to meet the following minimum thickness requirement:  
( )total z z 90t d w≥ +                                                                                            (4.26) 
where zd  is the panel zone depth equal to depth between the beam flanges; zw  is the 
panel zone width equal to the width between the column flanges; and  totalt is the panel 
zone total thickness including doubler plates, i.e., total w p2t t t= + .  
Doubler plates are required to strengthen the panel zones of the beam-to-column 
connections of the ground floor, first floor, and second floor to ensure the panel zones 
remain elastic under the design forces. The panel zones of the beam-to-column 
connections of the third floor do not need doubler plates. Table 4.15 summarizes the 
thickness of the doubler plates for the panel zones. The doubler plates were welded to the 
column webs using plug welds, and were attached to the column flange using half inch 
slot welds. The length of the doubler plates extended about 5 inches above and below the 
beam flange, and fillet welds were used at the top and bottom edges of the doubler plates. 
All welds were made using the E70T-1 electrode.  
 
4.5.1.3 Continuity Plates of Beam-to-Column Connections 
The continuity plates of the connections were checked according to AISC 341-10 
as follows:   
cf f bf yb yc0.54t b t F F≥                                                                                    (4.27a) 
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cf f 6t b≥                                                                                                         (4.27b) 
where cft is the thickness of the column flange; fb  and bft  are the width and thickness of 
the beam flange, respectively; ybF  and ycF  are the yield stress of the A992 steel used for 
the beam and column, respectively.  
Continuity plates are not required if Equation (4.27) is satisfied. For the test 
structure MRF, continuity plates were required for the beam-to-column connections of 
the first floor and second floor and were not required for the beam-to-column connections 
of the third floor. Since the thickness of the continuity plates must be at least one-half of 
the thickness of the beam flange for one-sided connections according to AISC 341-10, 
continuity plates with thickness similar to the beam flange thickness were provided for 
the beam-to-column connections in each floor of the test structure MRF. Table 4.16 
summarizes the thicknesses of continuity plates together with the thickness of the beam 
flanges. Grade 50 A572 material was used for the continuity plates. 
 
4.5.1.4 Welds and Access Hole of Beam-to-Column Connections 
Full penetration groove welds were used for the beam-to-column connections. 
The E7018 electrode was used for the flange and web full penetration welds using the 
flux core arc welding procedure according to the American Welding Society Structural 
Welding Code AWS D1.1 (AWS 2006). All welds used to construct the test structure 
MRF have a minimum Charpy V-Notch toughness of 20 ft-lbf at -20°F and 40 ft-lbf at 
70°F by AWS D1.1 classification test methods. The modified weld access hole from 
AISC 341-10, as shown in Figure 4.12, was used in the beam-to-column connections. 
Figure 4.13 shows the weld access hole for the beam-to-column connections in each floor 
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of the test structure MRF. Figure 4.14 shows the final design of the beam-to-column 
connections in each floor of the test structure MRF. 
 
4.5.2 Design of DBF 
The DBF provides passive damping for lateral drift control of the test structure. 
The steel members of the DBF were designed for the maximum expected damper forces. 
To avoid sizing the dampers for the prototype structure and then scaling dampers down 
for the test structure, the nonlinear viscous dampers were sized directly for the test 
structure. For this reason, the DBF was designed directly for the test structure. Two 
criteria were used for the DBF design: (1) the DBF was designed to carry the maximum 
expected damper force associated with the specified story drift; and (2) the DBF was 
designed to remain elastic under the DBE. 
 
4.5.2.1 DBF Columns 
Continuous columns with a single wide flange section over all the stories of the 
DBF were used. Columns with W8x67 wide flange sections were used to remain elastic 
under an axial force from the damper force of 600 kN in each story, along with the axial 
force and bending moment result from a story drift of 1.5% radians under the DBE. 
 
4.5.2.2 DBF Braces 
    The inverted chevron braces in the DBF were designed for two considerations: 
(1) the strength to carry the axial force and bending moment corresponding to the 
maximum damper force; and (2) sufficient stiffness to maintain the effectiveness of the 
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dampers. The influence of the brace stiffness on the effectiveness of the dampers is 
discussed here. To maximize the damping provided by the nonlinear viscous dampers, the 
damper deformation should be close to the story drift, which requires the stiffness of the 
braces to be as large as possible. Past research (Kasai and Fu 1998; Fan 1998; Lee 2003) 
have investigated the effects of brace stiffness on the equivalent damping ratio of an 
SDOF system with dampers using the index, br br 0k kα = , where brk is brace stiffness in 
the global direction, 0k  is the story stiffness of the structure without dampers and braces. 
This research suggests that the influence of the brace stiffness on equivalent damping 
ratio of the system with dampers is small when brα is greater than 30 for an SDOF system 
with viscous damper or viscoelastic damper. Based on this result, the braces in the DBF 
have an HSS8x6x3/8 section, with corresponding brα value of 28, 42, and 78 for the first, 
second, and third story, respectively. In calculating brα , 0k  is based on the story stiffness 
of the test structure MRF, which is 129.6, 78.5, and 39.2 kip/in for the first, second, and 
third story, respectively. The HSS section was selected instead of a wide flange section to 
provide similar strength about both the strong and weak axes of the section. 

4.5.2.3 DBF Beam 
The nonlinear viscous dampers were located in the DBF in a configuration to 
maximize their effectiveness. However, the precise location of the dampers was 
restrained by the size of the dampers and the story dimensions. The location of the 
dampers is shown in Figure 4.15. The damper is above the floor beam in each story of the 
DBF. The center of damper piston is eccentric to the centerline of the floor beam due to 
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the dimensions of the damper and floor beam, which introduces bending of the floor 
beam.  
Preliminary analyses were conducted to investigate the effect of this eccentricity 
on damper effectiveness, which resulted in the design requirements for the DBF floor 
beam. Figure 4.16(a) shows a free-body diagram of the floor beam with the eccentric 
damper force. The flexural stiffness of the clevis, clevisk , and its ratio to the story stiffness, 
αclevis is as follows: 
clevis
clevis 3
clevis
3EIk
h
=                                                                                                  (4.28) 
clevis
clevis
0
k
k
α =                                                                                                     (4.29) 
where E is the elastic modulus of steel; clevisI  is the moment of inertial of the clevis plates; 
clevish  is the clevis height from the center of the clevis hole to the top flange of the beam; 
The pair of clevis plates has a total thickness of 11
8
 inches, and a width of 9 inches. clevish  
is 10 inches. clevis 112α =  with 0k  based on the first story stiffness of the test structure 
MRF, and is larger for the other stories. 
The rotation of the floor beam, bθ , as shown in Figure 4.16(b), and the stiffness 
with respect to the horizontal displacement of clevis due to beam rotation, θbk  and  its 
ratio to the story stiffness, θbα , can be calculated as following: 
2 2
1 2
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where bI  is the moment of inertial of the beam section; L is the length of the beam; 1L  is 
the length from the left end of the beam to the centerline location of the clevis, and 2L  is 
the length from the right end of the beam to the centerline location of clevis, 1 2L L L= + ; 
1M  and 2M  are the moments distributed at the left and right side of the clevis, 
respectively; bd  is the depth of beam section. θbα  is proportional to bI  and inverse 
proportional to bd .  
Table 4.17 presents the values of θbα  for a group of sections for the beam. The 
W12x40 section with θb 7.7α =  was selected for the DBF with the consideration that the 
weight of the beam of the DBF should be better not to be heavier than the beam of the 
test structure MRF. The ratio of the combined stiffness of clevisk  and θbk  to the story 
stiffness 0k  is bc
clevis bc
1 7.2
1 1
α
α α
= =
+
, which is smaller than brα , and therefore, 
controls the total flexibility in the damper force path.  
 
4.5.2.4 Pinned Beam Splice Connection 
A pinned beam splice connection, shown in Figure.4.17, was used in the DBF to 
connect each floor beam to the corresponding beam-stubs welded to the columns. The 
purpose of this pinned beam splice connection is to minimize the rotational constraint at 
each end of the beam, while transferring the axial force and shear force without 
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sloppiness in the connection. The pinned beam splice connection can limits the moment 
that develops in the beam-to-column connections which reduces the frame action of the 
DBF. 
Each pinned beam splice connection consists of a pair of structural Tee sections 
with their flanges bolted to the beam web with four bolts at the beam side. The Tees were 
also welded to the beam web at their corners to prevent sloppiness at the beam side. Four 
tapered pins were used to transfer the axial force in the beam to the beam stub. Each 
tapered pin has a small diameter of (0.9375 inch) at one end and a larger diameter of 
1.0625 inch at the other end. The pin has a 50 kip shear capacity. The pin holes were 
reamed to ensure the tapered pins fit in the pin holes with full contact. Figure 4.18 shows 
a photograph of the tools for the drilling pin holes. The beam webs were locally 
reinforced with a pair of half inch thick plates welded to the web to provide the enough 
block shear strength and bolt or pin bearing capacity.  
 
4.5.2.5 Brace-Gusset Connection and Gusset-Beam-Column Connection  
The welded brace-gusset connection and gusset-beam-column connection were 
designed according to AISC 360-10. The gusset plates and the welds of the connections 
were designed so that damage does not initiate in the connections before damage (e.g. 
yielding and buckling) initiates in the brace. Since the braces have the same section in all 
stories, the brace-gusset connections and gusset-beam-column connections were designed 
for the maximum force demand in the first story. Figure 4.19 shows the details of the 
brace-gusset connection. As illustrate, the HSS section brace is joined to the gusset plate 
with slot welds in the top and bottom walls of the HSS. Four 10 inches long fillet welds 
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with a weld leg size of 5/8 inches are required to transfer the tensile strength of the brace. 
Due to the shear lag effects, a pair of 3/8 inch cover plates was required for the top and 
bottom walls of the HSS to avoid shear rupture in the brace flange.  
The gusset plate was designed for the full strength of the brace by considering the 
gusset plate to be a structural member with dimensions equal to the plate thickness and an 
effective width defined by the ‘Whitmore’ section shown in Figure 4.20. To prevent 
brittle failure in the connection, restraint-free rotations were allowed to develop in the 
gusset plate according to AISC 341-10. A clear length of two times the gusset plate 
thickness was provided between the end of the brace and the line of restraint for the 
gusset plate, as shown in Figure 4.20. The line of restraint for the gusset plate is 
perpendicular to the brace centerline and passes through the nearest point where the 
gusset plate ends adjacent to the column or beam, as shown in Figure 4.20. This distance 
is deemed by AISC 341-10 as an appropriate length that is sufficiently long to permit 
plastic rotations out of the plane of the gusset plate, yet short enough to preclude the 
occurrence of buckling in the plate of the gusset plate prior to member buckling. 
The uniform force method (UFM) outlined in the Steel Construction Manual 
(AISC 2008) was employed for determining the geometry of the gusset plate so that the 
brace force goes through the working point at the intersection of the centerlines of the 
beam, column, and brace, as shown in Figure 4.21. The design was done by choosing 
values of αg and βg as follows: 
g g b ctan tane eα β θ θ− ⋅ = ⋅ −                                                                            (4.33) 
where gα  is the distance from the face of the column flange to the centroid of the gusset-
beam weld; gβ  is the distance from the face of the beam flange to the centroid of the 
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gusset-column weld; be  is one-half the depth of the beam; ce  is one-half the depth of the 
column; and θ is the angle between the centerline of the brace and the column. Here, 
g 9.75α =  inches, g 8.25β =  inches, b 5.95e =  inches, c 4.5e = inches, and θ=41˚. 
Therefore, the length of the gusset-beam welds and gusset-column welds were 
determined to be 16.5 inches and 13.5 inches, respectively. The force demands on the 
gusset-beam and gusset-column welds were determined as:  
g
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= ⋅                                                                                                       (4.34a) 
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where ( ) ( )2 2g c g br e eα β= + + + ; P is the tensile brace force; Vc and Hc are the shear 
force and axial force demand on the gusset-column weld, respectively; Vb and Hb are the 
axial force and shear force demand on the gusset-beam weld. Fillet welds with a leg size 
of 5/8 inches (E7018 electrode) were designed for the gusset-beam-column connections, 
as shown in Figure 4.22. 
 
4.5.2.6 Damper Connections  
The nonlinear viscous damper was placed between the brace and floor beam in 
each story of the DBF, as shown in Figure 4.23. The damper was pin-connected to the 
floor beam through a clevis that was welded on the top flange of the floor beam as 
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discussed in section 4.5.2.3. A special damper-brace connection was designed to enable 
the damper to be connected to the brace with a pin connection, as shown in Figure 
4.23(b).  The damper was connected to a load cell through a bolted end plate connection, 
and the load cell was attached each of the two side plates using bolts in drilled and tapped 
holes. Each of the side plates was connected to a damper attachment plate using a 
threaded-pin connection, in which the pin was turned into drilled and tapped hole in the 
site plate passing through the damper attachment plate without threads. The damper 
attachment plates were welded to the lower gusset plates. This connection enables free 
rotation of the damper in the plane of the DBF, and the damper force to be measured 
accurately by the load cell during tests.  
 
4.6 Test Structure Model for Design Predictions  
The final design of the D100V test structure is shown in Figure 4.24. The test 
structure without dampers was modeled in SAP2000, as shown in Figure 4.25. This 
model was used to predict the story drifts under the DBE. The model was a design-office 
type model, which was based on centerline dimensions. Each RBS in each beam was 
modeled with a beam element with a reduced section. The rigidity of the panel zones of 
the MRF was modeled using a ‘rigid offset’ at the beam-to-column connection, with the 
length of the ‘rigid offset’ equal to 50% of the member dimensions to account for partial 
rigidity of panel zones. For the DBF, the pinned beam-splice was modeled with a beam 
element having the dimensions of the two Tees. The gusset plates were modeled with 
beam elements with carefully selected section properties. The gravity frames in the 
seismic tributary area of the MRF were represented by a lean-on column which carries 
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the gravity loads. The lean-on column was attached to the MRF and DBF using a rigid 
floor diaphragm model. The mass of each floor was lumped on the lean-on column. Table 
4.18, Table 4.19, and Table 4.20 lists the gravity loads on the MRF, the gravity loads on 
the lean-on column, and the equivalent lateral force used to predict the story drifts of the 
test structure, respectively. 
The natural periods of the D100V test structure with MRF and DBF without 
dampers are listed in Table 4.21 and compared with the natural periods of the test 
structure MRF. Table 4.22 compares the story drifts of the D100V test structure with the 
story drifts of the test structure MRF. It is seen that, the first mode period of the D100V 
test structure is 15% shorter than the period of the test structure MRF, and the story drifts 
of the D100V structure are 20% smaller than the story drifts of the test structure MRF. 
Apparently, the DBF adds both strength and stiffness to the MRF with its own ‘framing’ 
effect in the test structure due to the rigidity of brace-gusset-column connections and the 
using of continuous column through all three stories. Although this ‘framing’ effect of the 
DBF may not be favored for a more straightforward study of the seismic response of 
structure with nonlinear viscous dampers, it is of practical importance for understanding 
behaviors of structures that actually built in practice. Table 4.23 gives the design 
predictions for the first mode natural period of the test structures, and the DBE story drift 
ratios of the D100V, D75V, and D60V structures without the dampers. 
4.7 Equivalent Damping Ratio and Design Predictions for Test Structures 
The damping added to the test structures by the nonlinear viscous dampers was 
estimated using an equivalent viscous damping ratio (ξe) as follows (Chopra 2011):  
e
1
4
i
i
DE
SE
ξ
pi
=
∑
∑
                                                                                                (4.35) 
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where iSE  is the maximum strain energy per cycle of harmonic response in story i; iDE  
is the energy dissipated by the damper per cycle harmonic response in story i; iSE∑  can 
be calculated using the lateral force energy (LFE) method (Sause et al. 1994), as 
MRF+DBF
T
iSE =∑ u k u , where MRF+DBFk is the stiffness matrix of the test structure, and u is 
the displacement vector under a pattern of lateral force. iDE  can be calculated as the 
summation of the area of the damper force-deformation hysteresis loop in each story. The 
energy dissipated by the damper per cycle of harmonic response in story i (Symans and 
Constantinou 1998), iDE is calculated as follows:  
( ) ( )( )
2
1
1 2
1 2
4 2
2i i i
DE C u u αα αα
α
ω
α
+
−
Γ +
= −
Γ +
                                                       (4.36) 
where iu  and 1iu − is the lateral floor displacement of 
thi
 and ( )th1i − floor, respectively; ω  
is the angular frequency of the harmonic response which is equal to the first mode 
frequency of the structure; and ( )Γ ⋅  is the gamma function. Therefore, the equivalent 
damping ratio produced by the dampers of the test structures can be calculated as: 
( ) ( )
( )
1 2
1
e 2
t
4 2 1 21 1
4 4 2
i i i
T
i
DE C u u
SE
αα α
αω αξ
pi pi α
+
−
− Γ +
= =
Γ +
∑ ∑
∑ u k u
                         (4.37) 
Equation (4.37) shows that eξ  is dependent on u . Based on the ELF procedure from 
ASCE 7-10 and the LFE method, the following iterative approach is used for predicting 
eξ  and  story drift demand of the D100V, D75V, and D60V test structures with the 
nonlinear viscous dampers: Step (1) calculate the floor displacement response vector, u , 
under lateral forces form the ELF procedure (with R=8) acting on a linear elastic model 
of the MRF and DBF without dampers and using Cd=5.5 to amplify the displacements to 
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account for inelastic response; Step (2) calculates eξ  using Equation (4.37) in which the 
floor displacements from u (amplified to account for inelastic response) represent the 
predicted deformation amplitude under the DBE; Step (3) determine the damping 
coefficients B1 according to ASCE 7-10 as a function of the total damping ratio, tξ , 
which equals the sum of eξ  plus the inherent damping ratio of the building (which 
represents other energy dissipation within the building during low-amplitude dynamic 
response); Step (4) calculate the floor displacement response of the structure using a 
linear elastic model of the MRF and DBF without dampers, using Cd=5.5 to amplify the 
displacements to account for inelastic response, and using the B1 factor to account for the 
total damping; Step (5) iterate Step (1) through Step (4) with an updated floor 
displacement response until the floor displacement response and equivalent damping ratio 
converge. 
Using this procedure, the equivalent damping ratio provided by the dampers ξe 
was calculated and added to the inherent damping for the building (assumed to be 2%), to 
determine ξt and to predict the design drift ratios. Note that ξt does not include hysteretic 
damping from inelastic response of the MRF or DBF, and that the procedure uses only 
linear elastic models of the MRF and DBF with a conventional Cd factor to account for 
inelastic response. Unlike the design procedure for structures with dampers given in 
ASCE 7-10 which includes nonlinear analysis of the inelastic response of a structure, the 
above procedure predicts design demands using a linear elastic analysis that is consistent 
with the analysis procedures in ASCE 7-10 for conventional structures. Lee et al. (2009) 
showed the simplicity and suitability of a similar procedure for seismic design of steel 
MRFs with viscoelastic and elastomeric dampers. 
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The calculated ξe provided by the dampers, and the design predictions for story 
drift ratios of the test structures with dampers under the DBE and MCE are shown in 
Table 4.24. The D60V structure has a smaller ξe and greater predicted story drift ratios 
than the D100V and D75V structures. The reductions in predicted story drifts from 
adding dampers to the D100V, D75V, and D60V structures are 55%, 52%, and 50% 
under the DBE, and are 50%, 48%, and 46% under the MCE, respectively. The maximum 
story drift ratios are less than 2.5% radians under the DBE and MCE, and therefore, 
satisfy the “Life Safety” performance level of ASCE 41-06, and the drift control 
provisions of ASCE 7-10 
 
4.8 Summary 
This Chapter presents the design of prototype building, prototype structure, and 
test structure using a performance-based approach. Moment resisting frames (MRFs) and 
frames with nonlinear viscous dampers and associated diagonal bracing (DBFs) 
constitute the seismic lateral force resisting system of the prototype building. The MRFs 
and DBFs provide the strength and drift control for the prototype building, respectively. 
In the performance-based design approach, the nonlinear viscous dampers of the DBF are 
sized for a specified design of the MRFs to achieve given performance objectives. 
Alternatively, the MRFs are designed for a specified design of the DBFs. Three versions 
of prototype structure for a prototype building, i.e., the D100V, D75V, and D60V 
structure were designed. The MRFs in the D100V, D75V, and D60V structure were 
design for 100%, 75%, and 60% of the seismic design base shear design determined from 
ASCE 7-10, respectively.  
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By taking advantage of the plan symmetry of the prototype building, one single-
bay MRF, one single-bay DBF, and the gravity frames that tributary to one single-bay 
MRF and one single-bay DBF were extracted as the prototype structure for study. Test 
structure was developed by scaling down the prototype structure using a scale factor of 
0.6. The design details for the test structure MRF including the design of reduced beam 
section (RBS) beam-to-column connections, panel zone of beam-to-column connections, 
and the design details for the DBF were presented. The ‘framing’ effect of the DBF was 
observed, which adds both strength and stiffness to the test structure MRF. The 
equivalent damping ratio and story drift demand of the test structures were predicted 
using an iterative approach. The D60V test structure has a smaller equivalent damping 
ratio and larger story drift ratio demand that the D100V and D75V test structures. The 
reduction in story drift ratio from adding dampers to the D100V, D75V, and D60V test 
structure is 55%, 52%, and 50%, respectively. The maximum story drifts of the test 
structures are far less than 2.5% radians, and therefore, satisfy the “Life Safety” 
performance level specified in ASCE 41-06.  
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Table 4.1 Floor dead loads 
Item Description Unit weight (psf) 
Slab 3.5"light weight concrete on 2" metal deck 43 
Deck 2"-18 gage metal deck 3 
Ceiling suspended acoustical tile 3 
Flooring carpet 3 
Systems mechanical/electricity/plumbing 10 
Fireproofing spray on cementitious 3 
Cladding 25psf on exterior walls 10 
Structure beams/girders/columns… 15 
Total - 90 
 
 
Table 4.2 Roof dead loads 
Item Description Unit weight (psf) 
Deck 1.5" Type B metal deck 3 
Finish Insulation and water proofing 11 
Ceiling suspended acoustical tile 3 
Systems mechanical/electricity/plumbing 10 
Fireproofing spray on cementitious 3 
Cladding 25psf on exterior walls 5 
Structure beams/girders/columns… 15 
Equipment mechanical equipment on roof 30 
Total - 80 
 
 
Table 4.3 Prototype building seismic weight for D100V structure 
Floor level Dead load (psf) 
Live load 
(psf) 
Unit seismic 
weight 
(psf) 
Building seismic 
weight 
(kips) 
D100V structure  
seismic weight 
(kips) 
3 (Roof) 80 20 80 1800 450 
2 90 70 110 2475 619 
1 90 70 110 2475 619 
Total effective 
seismic weight, W - - - 6750 1688 
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Table 4.4 Live load reduction for MRF columns of D100V structure 
Story 
level 
Tributary area AT  
(ft2) KLL nATKLL 
Reduction 
factor 
L0  
(psf) 
L  
(psf) 
2 312.5 4 1250 0.674 70 47.20 
1 312.5 4 2500 0.550 70 38.50 
 
 
Table 4.5 Vertical distribution of seismic force for D100V structure 
Floor 
level 
hx 
(ft) 
Seismic 
weight  
(kips) 
Cvx 
Seismic force 
from ELF, Fx  
(kips) 
Seismic force due to 
accidental torsion, 0.1Fx  
(kips) 
Total seismic 
force, 1.1Fx  
(kips) 
3(roof) 12.5 450 0.437 77.8 7.8 85.6 
2 12.5 619 0.385 68.3 6.8 75.1 
1 12.5 619 0.178 31.7 3.2 34.9 
total 40 1688 1 177.8 17.8 195.6 
 
 
Table 4.6 Gravity loads applied on the MRF of D100V structure 
Floor 
level 
Dead load Live load* 
Distribute load on 
beam 
 (kips/ft) 
Concentrate load on 
column  
(kips) 
Distribute load on 
beam  
(kips/ft) 
Concentrate load 
on column  
(kips) 
3(roof) 0.250 25.0 0.063 5.5 
2 0.281 28.1 0.219 14.7 
1 0.281 28.1 0.219 9.3 
*Consider reduction of live load for the columns 


Table 4.7 Gravity loads applied on lean-on column of D100V structure 
Floor level Tributary area* (ft2) 
Dead load 
(psf) 
Live load 
(psf) 
Live load  
reduction factor 
Dead load 
(kips) 
Live load 
(kips) 
3(roof) 5000 80 20 0.600 400.0 60.0 
2 5000 90 70 0.550 450.0 192.5 
1 5000 90 70 0.462 450.0 130.9 
*Tributary area=5625ft2-625ft2=5000 ft2 






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Table 4.8 Equivalent later forces for D100V structure 
Floor level Tributary seismic force  (kips) 
3(roof) 85.6 
2 75.1 
1 34.9 
total 195.6 

 
Table 4.9 Story drifts of D100V prototype MRF 
Story level Story drifts ratio 
 (% rad) 
1 2.41 
W18x40 2 2. 3 
W14x38 3 2.97 
W10x17 
 
 
Table 4.10 Modal properties of D100V prototype MRF 
Mode Period  (second) 
1st mode 1.318 
W18x40 2nd mode 0.441 
W14x38 3rd mode 0.210 
W10x17 
 
 
Table 4.11 Scale factors for test structure 
Quantity Units Scaling Relationship 
Length or displacement L λ 
Area L2 λ2 
Section modulus L3 λ3 
Moment of inertia L4 λ4 
Stress S 1 
Force F=S·L2 λ2 
Moment F·L=S·L3 λ3 
Time T λ1/2 
Acceleration A=L/T2 1 
Velocity V=L/T λ1/2 
Mass F/A=S·L·T2 λ2 
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Table 4.12 Comparison of member size of D100V prototype MRF and test structure MRF 
Member type Story level 
D100V prototype MRF Test structure MRF 
Section Area  (in2) 
Ix 
 (in4) Section 
Area 
 (in2) 
Ix 
 (in4) 
Column All story W14x176 51.8 2140 W8x67 19.7 272 
Beam 
1 W30x124 36.5 5360 W18x40 13.5 712 
2 W21x122 35.9 2960 W14x38 11.2 385 
3 W16x50 14.7 659 W10x17 4.99 81.9 
 
 
Table 4.13 Comparison of modal properties of D100V prototype MRF and test structure 
MRF 
Mode D100V prototype MRF Tn (second ) 
λ
0.5
-scaled Tn 
(second ) 
Test structure MRF 
Tn (second ) Difference 
1 1.318 1.021 1.042 2.1% 
2 0.441 0.342 0.346 1.2% 
3 0.210 0.163 0.163 0% 
 
 
Table 4.14 RBS design of test structure MRF 
Floor 
level 
Beam 
section 
RBS parameters (inch) 
a  b c 
1 W18x46 4.5 13 1.4375 
2 W14x38 4.5 12 1.375 
3 W10x17 4.5 8.5 0.875 
 
 
Table 4.15 Doubler plate design for beam-column connections of test structure MRF 
Floor 
level 
Column web 
thickness, 
tw (in) 
Panel zone 
depth, 
dz (in) 
Panel zone 
width, 
wz (in) 
Doubler plate 
thickness, 
tp (in) 
Doubler plate 
extension over 
beam flange  
(in) 
Material 
Ground 0.605 18.1 7.13 0.375 5 A572 Gr50 
1 0.605 18.1 7.13 0.375 5 A572 Gr50 
2 0.515 14.1 7.13 0.3125 5 A572 Gr50 
3 0.330 10.1 7.13 - - A572 Gr50 
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Table 4.16 Continuity plate design for beam-column connections of test structure MRF 
Floor 
level 
Beam flange 
thickness,  
tbf (in) 
Continuity plate 
thickness, 
 tcont-pl (in) 
Material 
Ground 0.605 0.625 A572 Gr50 
1 0.605 0.625 A572 Gr50 
2 0.515 0.500 A572 Gr50 
3 0.330 0.3125 A572 Gr50 
 
 
Table 4.17 αθb value for beam sections 
Beam 
section 
db  
(in) 
Ibx  
(in4) αθb 
W10x30 10.5 170 4.6 
W10x60 10.2 341 9.5 
W12x40 11.9 307 7.7 
W12x79 12.4 662 16 
 
 
Table 4.18 Gravity loads applied on MRF in the test structure 
Floor 
level 
Dead load Live load 
Distributed 
load on beam  
(kips/ft) 
Concentrated 
load on column  
(kips) 
Distributed load on 
beam  
(kips/ft) 
Concentrated load on 
column  
(kips) 
3(roof) 0.150 9.0 0.038 1.98 
2 0.169 10.1 0.131 5.29 
1 0.169 10.1 0.131 3.35 



Table 4.19 Gravity loads applied on lean-on column of test structure 
Floor level Dead load (kips) 
Live load 
(kips) 
3(roof) 144.0 21.6 
2 162.0 69.3 
1 162.0 47.1 
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Table 4.20 Equivalent lateral forces on lean-on column in D100V test structure 
Floor 
level 
hx 
(ft) 
Seismic 
weight  
(kips) 
Cvx 
Seismic force 
from ELF, Fx  
(kips) 
Seismic force due to 
accidental torsion, 0.1Fx  
(kips) 
Equivalent lateral 
force, 1.1Fx    
(kips) 
3(roof) 7.5 162 0.470 18.8 1.9 20.7 
2 7.5 222.75 0.378 15.1 1.5 16.6 
1 7.5 222.75 0.151 6.0 0.6 6.6 
Total 22.5 607.5 1 39.9 4.0 43.9 
 
 
Table 4.21 Comparison of modal properties of D100V test structure 
Mode 
Period (second) 
Test structure with 
MRF  
Test structure with MRF and DBF 
 (without dampers) 
1st mode 1.042 
W18x40 
0.885 
2nd mode 0.346 
W14x38 
0.278 
3rd mode 0.16  
W10x17 
0.134 


Table 4.22 Story drift of the D100V test structure without dampers 
Story 
level  
Story drift ratio (% rad) 
Test structure with 
MRF  
Test structure with MRF and DBF 
 (without dampers) 
1 2.41 
W18x40 
1.92 
2 2. 3 
W14x38 
2.24 
3  2.97 
W10x17 
2.12 
 
 
Table 4.23 DBE predictions for test structure without dampers 
Test structure 1
st
 mode period 
(seconds) 
DBE story drift ratio (% rad) 
1st story 2nd story 3rd story 
D100V 0.885 1.92 2.24 2.12 
D75V 1.022 2.22 2.62 2.48 
D60V 1.143 2.49 2.95 2.81 
 
 
Table 4.24 Equivalent damping and story drift ratio of test structures with dampers under 
DBE 
Structure 
DBE story drift ratio (% rad) MCE story drift ratio (% rad) 
ξe 1st story 2nd story 3rd story ξe 1st story 2nd story 3rd story 
D100V 41% 0.86 1.01 0.95 32% 1.42 1.67 1.57 
D75V 35% 1.06 1.25 1.19 26% 1.74 2.05 1.94 
D60V 30% 1.25 1.48 1.41 23% 2.02 2.39 2.27 
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Figure 4.2 Prototype structure 
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Figure 4.3 Seismic tributary for performance-based design of prototype buildings with 
nonlinear viscous dampers: (a) Building floor plan for D100V prototype building; (b) 
Seismic tributary of the D100V structure; (c) Seismic tributary of the D75V structure; (d) 
Seismic tributary of the D60V structure 
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Figure 4.4 DBE response spectrum based on Equation (4.5) and (4.6) 
 
 
 
 
Figure 4.5 Seismic response coefficient 
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Figure 4.6 Prototype MRF analytical model in SAP2000 
 
 
 
 
Figure 4.7 Prototype MRF member sizes 
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Figure 4.8 Test structure (0.6 scale) 
 
 
 
 
 
Figure 4.9 RBS configuration 
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Figure 4.10 RBS design: (a) 1st floor; (b) 2nd floor; (c) 3rd floor 
 
 
 
 
Figure 4.11 Panel zone of beam-to-column connection 
 
R1'-2"
412" 1'-1"
1 716"
412" 1'
138"
R1'-3 516"
412" 8
1
2"
7
8"
R1012"
(a) 
(b) 
(c) 
Pct V
ct
 
P
cb 
V
cb 
Vf 
V
ct
 
V
cb 
MRBS  
Mf (moment at 
column face) Mc (moment in column) 
0.5M
c
  
0.5M
c
  
V
ct
 
V
cb 
∆V Vpz 
V
ct
 
V
cb 
(c) Shear diagram (b) Moment diagram (a) Panel zone free body 
 118
 
Figure 4.12 Weld access hole detail (Seismic Provisions for Structural Steel Buildings 
AISC 341-10) 
 
 
 
 
Figure 4.13 Weld access hole detail for beam-column connection of MRF: (a) 1st floor; 
(b) 2nd floor; (c) 3rd floor (Ahn 2012) 
(b) (c) (a) 
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Figure 4.14 MRF beam-column connection: (a) first floor; (b) second floor; (c) third floor 
(Ahn 2012) 
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Figure 4.15 Damper location in each story of DBF 
 
 
 
 
Figure 4.16 Free-body diagram and deformation of floor beam with eccentric damper 
force 
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Figure 4.17 Pinned beam splice connection 
 
 
 
 
 
Figure 4.18 Reaming of tapered pin hole 
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Figure 4.19 Brace-gusset connection 
 
 
 
 
 
Figure 4.20 Gusset plate ‘Whitmore’ section and line of restraint 
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Figure 4.21 Free-body diagram of gusset plate for Uniform Force Method (UFM) 
 
 
 
 
 
Figure 4.22 Welds for gusset-beam-column connection 
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Figure 4.23 Damper connection 
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
Figure 4.24 MRF and DBF of 0.6 scale D100V test structure 
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Figure 4.25 0.6 scale D100V test structure model in SAP2000 
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Chapter 5  
Experimental Setup and Characterization of Experimental Structure  
 
5.1 General  
This chapter presents the experimental setup and characterization of the static 
properties of the test structure described in Chapter 4. The details of the experimental 
setup including the loading system, the out-of-plane bracing for the test structure, and the 
reaction fixtures are presented. The instrumentation plan and procedure for the 
characterization tests are also described in this Chapter.  

5.2 Experimental Test Setup 
5.2.1 Overall Description 
Two test setups are used for the experimental study in this research program. One 
test setup is for the Phase-1 RTHS with the DBF as the experimental substructure as 
shown in Figure 5.1. The other test setup is for the Phase-2 RTHS with the DBF and 
MRF as the experimental substructure as shown in Figure 5.2. Figure 5.3 shows the test 
setup for the DBF experimental substructure including the loading system and reaction 
fixtures. Figure 5.4 shows the test setup for the DBF and MRF experimental substructure 
including the loading system and reaction fixtures. As illustrated, the two test setups have 
very similar loading systems and reaction fixtures. Positive displacements and force are 
defined to be to the North, i.e., the actuators retract and pull the experimental substructure 
toward to the north reaction wall, which is on the right in the photograph. 
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The floor levels are referred to as the ground floor, first floor, second floor, and third 
floor. The basement floor is the laboratory strong floor. First story is defined to be the 
story between the ground floor and first floor, and second story and third story are 
defined to be the story between first floor and second floor, and between second floor and 
third floor, respectively. The basement story is defined to be between the basement and 
the ground floor. 
 
5.2.2 Loading System 
The experimental substructures are loaded at each floor by three servo-hydraulic 
actuators. The actuators have a stroke range of ±500 mm (i.e., ±19.7in). The actuators at 
the second floor and third floor have a force capacity of 1700 kN (i.e., 382 kips) while the 
actuator at the first floor has a force capacity of 2300 kN (i.e., 517 kips). As shown in 
Figure 5.3 and Figure 5.4, the actuators are attached to the reaction wall at the north end 
and are connected to the loading beam system at the south end through which loads are 
applied to the experimental substructure. As shown in Figure 5.5, the loading beam 
system for the DBF consists of two beams with two HSS 12x12x3/8 beams (acting as 
tension and compression struts) which are placed on either side of the DBF and are joined 
on the north end by a 4-in thick plate which is attached to the actuator, and on the south 
end by a W12x152 spreader beam.  Each loading beam is prestressed to the 4-in thick 
plate and the spreader beam by two Dywidag bars with a prestress force of 555 kN (i.e., 
125 kips) each. The loading beams carry loads to the DBF at each floor through a loading 
plate which is welded to the top flange of the DBF at the mid span of the DBF beams. 
This loading beam system simulates the floor system of the prototype structure with the 
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behavior that inertial forces are transmitted to the DBF at the mid span top flange of the 
beams.  Figure 5.6 shows the plan view of the loading system for the MRF and DBF 
experimental substructure, it is very similar to the loading system shown in Figure 5.5; 
the only difference is that the loading beams are extended in length to load the MRF and 
DBF simultaneously. 
 
5.2.3 Reaction Fixtures 
As shown in Figure 5.3 and Figure 5.4, the experimental test setup has reaction 
fixtures in the basement story and at the ground floor to transfer the loads applied on the 
experimental substructure to the laboratory strong floor. In the basement story, the base 
plate of each column is bolted to a clevis which is pin-connected to the base fixture. 
Through the base fixtures, the experimental substructure is attached to the laboratory 
strong floor, and the axial force and shear force in the columns are transferred to the 
strong floor. The clevis and pin connection allow free rotation of the column base while 
restraining their movements in the global horizontal and vertical directions. 
At the ground floor level, the DBF shown in Figure 5.3 has two ground floor level 
reaction points provided by a pair of ground links located on either side of the 
experimental substructure.  The configuration of ground link is shown in Figure 5.7. Each 
ground link has a clevis at each end (Clevis-1 and Clevis-2) to create a pinned link 
reaction point which allows free rotation and vertical direction deformation of columns at 
the ground level. Accordingly, the ground links transmit only base shear force from the 
experimental substructure to the strong floor.  A load cell is included in each ground link 
to measure the reaction force. The ground links should have low flexibility in order to 
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restrain rigidly the experimental substructure in the horizontal direction. To avoid 
sloppiness in the clevis connection during tests, the ground link is prestressed to a force 
of 1780 kN (i.e., 400 kips) during its installation. Figure 5.8 shows the steps for the 
installation. Figure 5.9 shows a photograph of the ground link. 
At the north side of both test setups shown in Figure 5.3 and Figure 5.4, the 
reaction force from ground link is transferred to a W14x257 spreader beam, and then to 
the laboratory strong floor through a pair of braces constructed of back-to-back angles 
with L8x4x1 sections. The spreader beam and the braces are bolted to the out-of-plane 
bracing frame columns, so the reaction force passes through these columns of the exterior 
bracing frame, as shown in Figure 5.7. 
At the south side of the test setup for the DBF shown in Figure 5.3, a transfer strut 
with a W14x455 section is installed between the W14x257 spreader beam and the ground 
link as an extension of the ground link. This transfer strut increases the flexibility of the 
extended ground link. This transfer strut is removed to allow the MRF to be installed 
when the experimental substructure includes the MRF and DBF, as shown in Figure 5.4. 
 
5.2.4 Lateral Bracing System 
Out-of-plane stability of the experimental substructure is provided by a pair of 
out-of-plane bracing frames designed by Herrera (2005). Figure 5.10(a) shows the 
elevation view of the bracing frame. The east bracing frame is tied to the west bracing 
frame using C10x30 section interior tiebacks, as shown in Figure 5.10(b). The west 
bracing frame columns are tied to the west reaction wall with additional C10x30 section 
exterior tiebacks.   
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The pair of bracing frames provides lateral bracing for the loading system, which 
provides lateral bracing for the experimental substructures.  Figure 5.11(a) shows the out-
of-plane bracing points on the DBF, and Figure 5.11(b) shows the out-of-plane bracing 
points on the MRF. For the DBF, the beams are laterally braced by the loading beams at 
the quarter points of the beam span, and columns are laterally braced by the loading 
beams at each floor level. For the MRF, the beams of the first floor and second floor have 
three bracing points and the beam of the third floor have four bracing points to prevent 
lateral torsional buckling of the RBSs. Figure 5.12 shows the construction details at the 
bracing points. The loading beams are braced by the external bracing frames with bracing 
points at the column location of the out-of-plane bracing frames. The column bracing 
detail for the DBF and MRF is shown in Figure 5.12(b), where the loading beam weight 
is supported on the bracing shelves which are welded to the column flange. For the beam 
bracing detail shown in Figure 5.12(c), the loading beam weight is supported on the 
bracing shelves which are welded to beam flanges. A 1/8 inch gap is left between the 
loading beam and the bracing selves to avoid transferring load to DBF and MRF at these 
locations. Teflon is applied to the both surfaces of each slip interface at the bracing points 
to minimize friction forces between the loading beams and the bracing frames. For the 
ground floor beam, laterally bracing is directly provided by the angles which are attached 
to the beams of bracing frame, as shown in Figure 5.12(d). 




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5.3 Instrumentation  
5.3.1 Instrumentation Plan for the DBF 
A total of 116 channels of various types of instruments were used in tests of the 
DBF, including displacement transducers, load cells, accelerometers, full bridges, and 
strain gauges. The instruments used on the DBF include specifically 3 temposonics 
displacement transducers, 23 linear variable differential displacement transducers 
(LVDT), 5 load cells, 4 load pins, 7 accelerometers, 38 full bridges, and 36 individual 
strain gauges. 
Figure 5.13 shows the layout of the displacement transducers on the DBF. Three 
MTS temposonic displacement transducers with a range of ±380 mm (i.e., ±15 inch) are 
used to measure the floor displacements. Each tempsonic is attached to the external out-
of-plane bracing frame and attached to the top flange of the DBF floor beam at midspan, 
as shown in Figure 5.14. LVDTs are mounted on each damper between damper clevis 
and the damper end plate to measure the damper deformation, as shown in Figure 5.15; 
the damper deformation is defined as the total of the deformation measured by LVDT-1 
and LVDT-2. LVDTs with ±6.4 mm (i.e., ±1/4 inch) range are used to measure 
horizontal axial deformation of the ground links. Figure 5.16 shows the configuration of 
the LVDTs on the ground links, with one LVDT on each side of each ground link. Also, 
LVDTs with ±2.5 mm (i.e., ±1 inch) range are used to measure axial deformation and 
bending rotation of each ‘pinned-Tee’ beam-splice connection in the DBF; Figure 5.17 
shows the layout of the LVDTs on a connection, with one LVDT mounted below the top 
beam flange and one LVDT mounted above the bottom beam flange.  
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Figure 5.18 shows the load cell and load pins in the DBF for force measurements. 
The horizontal reaction force carried by the ground link is measured by a load cell placed 
in the ground link at each (north and south) end of the experimental substructure. These 
load cells (LC-1, LC-2) are manufactured by Houston Scientific and have a range of 
±2600 kN (i.e., ±600 kips). To determine the reaction forces in the DBF columns, two 
load pins are placed in the two clevises located where each columns is attached to the 
base fixture. The load pins (LP-1,2) located at the south column of the DBF are oriented 
to measure vertical force while the load pins (LP-3,4) at the north column of the DBF are 
oriented to measure lateral force. Other load cells (LC-3, LC-4, and LC-5) with a force 
capacity of ±660 kN (i.e., ±150 kips) are installed in each damper-brace connections to 
measure the force in the damper in each story. 
Figure 5.19 shows the layout of accelerometers on the DBF to measure 
accelerations. All the accelerometers are high sensitivity PCB-ICP single axis 
accelerometers, which measure acceleration in one direction. One accelerometer is 
attached to the outer flange of the DBF column and in line with each floor to measure the 
floor acceleration in the north-south direction. One accelerometer is attached to the lower 
gusset plate in each story to measure the acceleration on the braces. One accelerometer is 
located at midspan of the ground floor beam to measure the acceleration at the ground 
level.  
Figure 5.20(a) shows the layout strain gages in a “full bridge” configuration to 
measure internal forces in the members of the DBF. These full bridges are located at 
cross sections of the members which remain linear elastic during the tests. There are 14 
full bridges installed on the DBF to measure axial forces in the columns and braces, 
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which are labeled as “FB-A”. There are 24 full bridges installed on the DBF to measure 
bending moment in the columns and braces, which are labeled as “FB-M”. As indicated 
in Figure 5.20(b), on each column, four individual strain gauges are installed on the 
column flanges just above the ground floor level in the potential plastic hinge region to 
observe yielding of the column. Three strain gauges are installed on each side of the 
upper gusset plates in the first story. These gauges are located in the Whitmore section to 
observe yielding and/or buckling of the gusset plates. Strain gauges are placed on the 
flanges of each brace in the first and third stories to observe yielding of the brace due to 
combined bending and axial force.  
The Model-6000 DAQ Mainframe by Pacific Instruments is used for data 
acquisition. The DAQ Mainframe hosts a SCRAMNet card that broadcasts real time data 
over a fiber optical network for integrated simulation and control. The DAQ system 
recorded data at 4096 Hz with 16-bit analog-to-digital resolution (Lehigh 2013). 
 
5.3.2 Instrumentation Plan for the MRF 
A total of 142 channels were used in tests of the MRF. The instruments used on 
the MRF include 3 temposonic displacement transducers, 29 linear variable differential 
displacement transducers (LVDT), 26 full bridges, and 84 individual strain gauges. 
Figure 5.21 (a) shows the layout of the displacement transducers. LVDTs are also 
used to measure relative rotation as well as axial deformation of each RBS. Figure 
5.21(b), Figure 5.21(c), and Figure 5.21(d) shows the layout of the LVDTs on each RBS 
and each panel zone. On the RBS, two LVDTs are mounted on the beam web with one 
LVDT close to the top flange and the other LVDT close to the bottom flange. Two 
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diagonal LVDTs are located in the panel zone of each beam-column connection to 
measure panel zone shear deformation. Figure 5.21(e) shows two LVDTs used to 
measure the relative rotation of the MRF columns in the first story where plastic rotation 
may occur. Temposonic displacement transducers are used to measure the floor 
displacement of the MRF relative to the external bracing frame. Each tempsonic is 
attached to the external out-of-plane bracing frame and attached to the top flange of the 
MRF floor beam at midspan, as shown in Figure 5.22. LVDT with ±2.5 mm (±1 inch) 
range is mounted on the top flange of the ground floor beam to measure the displacement 
of the ground floor level.  
The RBS rotation (θRBS), panel zone shear deformation (γPZ), first story MRF 
column rotation (θcol) are determined using following equations: 
RBS RBS
RBS
RBSd
θ
+ −∆ − ∆
=
                                                                                             (5.1) 
2 2
PZ PZPZ PZ
PZ
PZ PZ2
d b
d b
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+ − +∆ − ∆
=
                                                                                (5.2) 
col col
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cold
θ
+ −∆ − ∆
=
                                                                                                  (5.3) 
where RBS
+∆ , RBS
−∆ are the displacements measured from the two LVDTs mounted on the 
beam web,  and RBSd  is the vertical distance between the two LVDTs; PZ+∆ , PZ−∆  are the 
displacements measured from the two LVDTs located at the panel zone of the MRF 
column, and PZd , PZb  are the vertical and horizontal projection distances of the diagonal 
LVDTs in the panel zone, as shown in Figure 5.21; col+∆ , col−∆ are the displacements 
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measured from the LVDTs mounted on the column flange, and cold  is the horizontal 
distance between the two LVDTs. 
Figure 5.23(a) shows the layout of full bridge strain gauges on the MRF to 
measure internal forces in the MRF columns. There are 8 full bridges installed on the 
MRF columns to measure axial forces, which are labeled as “FB-A”. There are 12 full 
bridges installed on the MRF columns to measure bending moments, which are labeled as 
“FB-M”. Full bridges are also installed on the loading beam at each floor level to 
measure the force applied to the MRF at each floor level. 
Figure 5.23(b) shows the location of strain gauges on the MRF. Rosette strain 
gauges and single axial strain gauges were installed on the MRF. The rosette strain 
gauges were installed in the panel zones. The single axial strain gauges are installed 
within each RBS section to observe yielding in the RBS. For each RBS, two gauges were 
on the outside of the top flange and two gauges were on the bottom flange and two 
gauges on each side of the web, for a total of 8 strain gauges per RBS. For each MRF 
column, four single strain gauges are installed on the column flanges just above the 
ground floor level in the potential plastic hinge region to observe yielding of the columns, 
as indicated in Figure 5.23(b). 

5.4 Static Tests 
The characteristics of the experimental substructure, especially the stiffness 
matrix, were estimated from the results of quasi-static tests, as described in this section. 
In particular, the effects of the foundation base flexibility, which are not easily 
established analytically, are included in the result from the quasi-static tests.  
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5.4.1 Test Procedure 
Since the seismic mass of the building is primarily located at each floor level, the 
three story experimental substructure is idealized as having three lateral degrees-of 
freedom (DOF) at each floor level. The stiffness matrix is therefore a three-by-three 
matrix. 
The “unit force” test method was used to determine the stiffness matrix of the 
experimental substructure. In this method the actuator at one floor a time was used to 
load the structure with a prescribed force, while the actuators at other two floors were 
held at zero force. Three such load cases were used. The floor displacements of the 
experimental substructure were measured from the temposonics for each load. From these 
displacements, the flexibility vector was derived by normalizing the displacement of each 
floor the force that was applied by the actuator. The flexibility matrix was established 
from the three flexibility vectors. The flexibility matrix was inverted to derive the 
stiffness matrix of the experimental substructure.     

5.4.2 Stiffness Matrix for DBF 
Figure 5.24 shows the load history for the actuator at each floor level for the tests 
used to determine the stiffness matrix for the DBF. Two cycles of force were used to 
check the repeatability of the results. The maximum force applied to the DBF at each 
floor level was determined based on the criteria that the force should be large enough to 
allow an accurate identification of the stiffness matrix but should be small enough that 
yielding of the DBF would not occur. The loads are applied to the DBF slowly to avoid 
dynamic effects in the test results. 
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Figure 5.25 shows the applied force versus measured floor displacements for each 
load case. The hysteresis loops in the force-displacement plots indicate that the frame has 
nonlinear behavior, which will be explained later. The flexibility and the stiffness of the 
DBF were identified from regression of the tangent slope of the loops shown in the 
figure. The results are given as equation (5.4) and equation (5.5). From the load case with 
load applied at Floor 3, the story stiffnesses of the DBF were derived by normalizing the 
story drift (i.e., the difference in the floor displacements of adjacent floors) of each story 
the force that was applied by the actuator at Floor 3. The DBF has a story stiffness of 
16639, 8529, and 6414 kN/m for the first, second, and third story, respectively. 
3
DBF
0.0601 0.0965 0.1078
0.0965 0.2137 0.2737 10   m/kN
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−
 
 
= × 
  
f                                                (5.4) 
3
DBF
74.7 52.8 14.9
52.8 62.7 26.7 10   kN/m
14.9 26.7 15.6
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 
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 − 
k                                                     (5.5)  
Figure 5.26 shows the damper force-damper deformation hysteresis loops from 
the tests. The rectangular damper force-damper deformation hysteresis loops indicate the 
nonlinear viscous damper in each story has frictional behavior during the tests. The 
frictional damper force is about 40, 30, and 60 kN for the damper in the first, second, and 
third story, respectively. This friction behavior of nonlinear viscous dampers in the DBF 
increases the initial stiffness of the DBF as indicated in the force-displacement 
relationship shown in Figure 5.25. 
Figure 5.27 shows the ground link force-deformation relationship from the tests 
for the north and south ground links. As illustrated, the north and south ground links 
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almost have the same stiffness when they are in tension. However, the north ground link 
has softening behavior when it is in compression, which indicates the north ground link 
was not prestressed as effectively as the south ground link during its installation process. 
The stiffness of the south ground link is identified as 53.48 10×  kN/m both in tension and 
compression. The stiffness of the north ground link is identified as 53.13 10×  kN/m in 
tension and 52.26 10×  kN/m in compression. 
 
5.4.3 Stiffness Matrix for MRF and DBF 
Figure 5.28 shows the load history for the actuator at each floor level for the tests 
used to determine the stiffness of the experimental substructure including the MRF and 
DBF. Figure 5.29 shows the applied versus measured floor displacements for each load 
case. The flexibility and the stiffness of the experimental structure were identified from 
regression of the tangent slope of the hysteresis loops as shown in the figure. The results 
are given as equation (5.6) and equation (5.7). From the load case with load applied at 
Floor 3, the story stiffnesses of the experimental substructure were derived by 
normalizing the story drift (i.e., the difference in the floor displacements of adjacent 
floors) of each story the force that was applied by the actuator at Floor 3. The 
experimental substructure including the MRF and DBF has a story stiffness of 39772, 
23613, and 13571 kN/m for the first, second, and third story, respectively. 
3
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Figure 5.30 shows the damper force-damper deformation hysteresis loops from 
the tests. Similar to the frictional behavior shown in the tests for the DBF, damper 
frictional behavior was also noticed in the tests for the experimental substructure 
including the MRF and DBF. The frictional force is about 80, 60, and 80 kN for the 
damper in the first, second, and third story, respectively.  
Figure 5.31 shows the ground link force-deformation relationship of the north and 
south ground links from the tests. As illustrated, the north and south ground links have 
almost the same stiffness in tension, while the north ground link has softening behavior 
under compression. The stiffness of the south ground link was identified as 53.26 10×  
kN/m both in tension and compression, and the stiffness of the north ground link is 
identified as 53.26 10×  kN/m in tension and 52.34 10×  kN/m in compression, which are 
very close to the values identified in the tests for the DBF. 

5.5 Harmonic Tests  
5.5.1 Test Procedure 
In addition to static tests, harmonic tests with predefined sinusoidal floor 
displacements were performed on the experimental substructure. During the tests, each 
floor of the experimental substructure was displaced by the predefined floor displacement 
using displacement control of the actuator at each floor level.  
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5.5.2 Harmonic Tests for DBF  
Figure 5.32 shows the displacement histories for the actuators for three cases of 
tests on the DBF. The amplitude of the floor displacement for each test is 12, 24, and 36 
mm for the first, second, and third floor, respectively. The frequency of the floor 
displacement for each test is 0.5, 1.0, and 2.0 Hz, respectively.  
Figure 5.33 through Figure 5.35 shows the hysteresis loops of damper force 
versus damper deformation, damper force versus story drift, and story shear force of the 
DBF versus story drift from the tests. The story shear force of the DBF is the sum of the 
shear force in the DBF column and the damper force. The observations for these 
hysteresis loops are as follows: (1) the damper deformations are smaller than the story 
drifts, which indicates elastic flexibility exists in the braces and the associated 
components that connect the damper to the floor beams in each story; (2) the damper 
force-damper deformation hysteresis loops are slightly inclined, which indicates elastic 
flexibility exists in the damper itself; (3) the damper force-story drift hysteresis loops 
behaved more like the viscoelastic behavior (rather than purely viscous behavior). 
The damping provided by the dampers during the tests can be estimated by 
calculating the equivalent viscous damping ratio (ξe) as the value of dissipated energy in a 
cycle divided by the strain energy in the experimental substructure  as follows (Chopra 
2001): 
e
DE1
4 SE
i
i
ξ
pi
=
∑
∑
                                                                                                  (5.8) 
where DEi  is the energy dissipated by the damper in story i,  and was calculated as the 
area of the damper force-damper deformation hysteresis loop; SEi  is the strain energy of 
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the experimental substructure in story i,  and was calculated using the lateral force energy 
(LFE) method (Sause et al. 1994), as MRF+DBFSE Ti =∑ u k u  , where MRF+DBFk  is the 
stiffness matrix of the experimental substructure determined in section 5.4.3, and u is the 
displacement amplitude vector applied to the DBF as [ ]12 24 36  mmT=u . eξ  was 
estimated as 34%, 39%, and 39% for the test with frequency of 0.5, 1.0, and 2.0 Hz, 
respectively. 

5.5.3 Harmonic Tests for MRF and DBF 
Figure 5.36 shows the displacement histories for the actuators for three tests on 
the experimental substructure including the MRF and DBF. The amplitude of the floor 
displacement for all the tests is 7, 14, and 21 mm for the first, second, and third floor, 
respectively. The frequency of the floor displacement for each test is 0.5, 1.0, and 2.0 Hz, 
respectively. 
Figure 5.37 through Figure 5.39 shows the typical hysteresis loops of damper 
force versus damper deformation, damper force versus story drift, story shear in the DBF 
versus story drift, and story shear force of the MRF and DBF versus story drift from the 
tests. The story shear force of the MRF and DBF is the sum of the story shear force of the 
MRF and the story shear force of the DBF. Similar to the observation from the tests for 
the DBF, as described in section 5.5.2, elastic flexibility exists in the dampers and the 
components that connect the damper to the floor beams in each story, and both the 
hysteresis loops of story shear in the DBF versus story drift and the story in the MRF and 
DBF versus story drift behaved more like the viscoelastic behavior. 
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The equivalent viscous damping ratio (ξe) for the experimental substructure 
including the MRF and DBF during the tests were estimated using MRF+DBFk  and 
[ ]7 14 21  mmT=u . They are as 62%, 64%, and 55% for the test with frequency of 
0.5, 1.0, and 2.0 Hz, respectively, which are larger than the estimated damping ratios for 
the tests with larger displacement amplitudes in section 5.5.2. 

5.6 Summary  
This chapter presents the experimental setup including the loading system, the test 
fixtures, and the instrumentation. The experimental setup will be used in the real-time 
hybrid earthquake simulation (RTHS) as described in the following chapters. The 
stiffness matrix of both the experimental substructure with the DBF and the experimental 
substructure with the MRF and DBF were characterized using quasi-static tests and 
harmonic tests. Damper frictional behavior was observed during the static tests. For the 
harmonic tests on the DBF with floor displacement amplitude vector 
[ ]12 24 36  mmT=u , the equivalent damping ratio of the structure including the MRF 
and DBF was estimated as 34%, 39%, and 39% for the test with frequency of 0.5, 1.0, 
and 2.0 Hz, respectively. For the harmonic tests with floor displacement amplitude 
[ ]7 14 21  mmT=u , the equivalent damping ratio of the experimental substructure 
including the MRF and DBF is estimated as 62%, 64%, and 55% for the test with 
frequency of 0.5, 1.0, and 2.0 Hz, respectively. 
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
Figure 5.1 Overall photograph of test setup for DBF experimental substructure 





Figure 5.2 Overall photograph of test setup for DBF experimental substructure 


DBF 
DBF MRF 
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
Figure 5.3 Test setup for DBF experimental substructure 




Figure 5.4 Test setup for MRF and DBF experimental substructure 
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
Figure 5.5 Plane view of loading system for DBF 
 
 

Figure 5.6 Plane view of loading system for MRF and DBF 

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

Figure 5.7 Ground link configuration: (a) front view; (b) side view 
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Step 1: Pretension the ground link to 400 kips. 
Step 2: Place the wedges into clevises and place spherical ring through the 
threaded rods. 
Step 3:  Remove the external pretension force. 
Step 4: Tight the bolts on the clevis to transfer beam 
Wedge Wedge 
Spherical ring
  

Figure 5.8 Steps for ground link installation 



Figure 5.9 Photograph of ground link 
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W8x67 
Clevis-1 Clevis-2 Load cell 
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
Figure 5.10 Elevation view of bracing frame (Herrera 2005): (a) front view; (b) side view 



Figure 5.11 Bracing points on experimental substructure: (a) DBF; (b) MRF 
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Figure 5.12 Lateral bracing detail 
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
Figure 5.13 Displacement transducers on DBF 
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Figure 5.14 Tempsonics on DBF floor displacement measurement 
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Figure 5.15 LVDTs for damper deformation measurements 
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Figure 5.16 LVDTs on ground link 
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
Figure 5.17 LVDTs on beam splice connection 
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Figure 5.18 Load cells on DBF 
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
Figure 5.19 Accelerometers on DBF 




Figure 5.20 Full bridges and single strain gauges on DBF 
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Figure 5.21 Displacement transducers on MRF 
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
Figure 5.22 Tempsonics on MRF for floor displacement measurement 
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
 
Figure 5.23 Full bridges and single strain gauges on MRF 
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(a) Load applied to first floor 


(b) Load applied to second floor 


(c) Load applied to third floor 

Figure 5.24 Load cases for static tests of DBF 
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(a) Load applied to first floor 


(b) Load applied to second floor 


(c) Load applied to third floor 

Figure 5.25 Actuator force-floor displacement relationship in static tests of DBF 
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
 (a) Load applied to first floor 


(b) Load applied to second floor 


(c) Load applied to third floor 

Figure 5.26 Damper force-deformation hysteresis loops in static tests of DBF 

-15 -10 -5 0 5 10 15
-60
-40
-20
0
20
40
60
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
 
 
1st story
-15 -10 -5 0 5 10 15
-60
-40
-20
0
20
40
60
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
 
 
2nd story
-15 -10 -5 0 5 10 15
-60
-40
-20
0
20
40
60
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
 
 
3rd story
-15 -10 -5 0 5 10 15
-60
-40
-20
0
20
40
60
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
 
 
1st story
-15 -10 -5 0 5 10 15
-60
-40
-20
0
20
40
60
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
 
 
2nd story
-15 -10 -5 0 5 10 15
-60
-40
-20
0
20
40
60
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
 
 
3rd story
-15 -10 -5 0 5 10 15
-60
-40
-20
0
20
40
60
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
 
 
1st story
-15 -10 -5 0 5 10 15
-60
-40
-20
0
20
40
60
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
 
 
2nd story
-15 -10 -5 0 5 10 15
-60
-40
-20
0
20
40
60
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
 
 
3rd story
 158


Figure 5.27 Ground link force-deformation relationship in static tests of DBF: (a) load 
applied to first floor; (b) load applied to second floor; (c) load applied to third floor 
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
(a) Load applied to first floor 


(b) Load applied to second floor 


(c) Load applied to third floor 
 
Figure 5.28 Load cases for static tests of MRF and DBF 
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
(a) Load applied to first floor 


(b) Load applied to second floor 


(c) Load applied to third floor 
Figure 5.29 Actuator force-floor displacement relationship in static tests of MRF and 
DBF 
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
 (a) Load applied to first floor 


 (b) Load applied to second floor 


(c) Load applied to third floor 

Figure 5.30 Damper force-deformation hysteresis loops in static tests of MRF and DBF 
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
Figure 5.31 Ground link force-deformation relationship in static tests of MRF and DBF: 
(a) load applied to first floor; (b) load applied to second floor; (c) load applied to third 
floor 
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
(a) Frequency=0.5 Hz 


(b) Frequency=1.0 Hz 


(c) Frequency=2.0 Hz 

Figure 5.32 Harmonic displacement histories for actuators at each floor level for DBF 
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
Figure 5.33 Hysteresis loops from harmonic test with frequency of 0.5 Hz for DBF 
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
Figure 5.34 Hysteresis loops from harmonic test with frequency of 1.0 Hz for DBF 
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
Figure 5.35 Hysteresis loops from harmonic test with frequency of 2.0 Hz for DBF 

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
(a) Frequency=0.5 Hz 


(b) Frequency=1.0 Hz 


(c) Frequency=2.0 Hz 

Figure 5.36 Harmonic displacement histories for actuators for test of MRF and DBF 
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
Figure 5.37 Hysteresis loops from harmonic test with frequency of 0.5 Hz for MRF and 
DBF 
 


Figure 5.38 Hysteresis loops from harmonic test with frequency of 1.0 Hz for MRF and 
DBF 
 


Figure 5.39 Hysteresis loops from harmonic test with frequency of 2.0 Hz for MRF and 
DBF 
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Chapter 6  
Site-specific Hazard Analysis and Ground Motion Selection 
 
6.1 General  
The seismic response of a structure depends on both the dynamic properties of the 
structure and the characteristics of the earthquake ground motion. It is known that 
different ground motion records from the same earthquake event will produce different 
structural response. The variability in structural response produced by different ground 
motion records scaled to the same intensity level (the so called record-to-record 
variability) can be significant. Therefore, earthquake ground motions should be selected 
carefully for a specified hazard level to produce a comprehensive evaluation of the 
seismic performance of a structure. 
 
6.2 Seismic Hazard and Seismic Hazard Analysis 
6.2.1 Seismic hazard 
The seismic hazard is usually characterized by a ground motion intensity measure. 
Baker and Cornell (2005) presented a vector-valued ground motion intensity measure 
which consists of Sa(T) and a parameter epsilon (ε) which is an indicator of the spectral 
shape. Kadas et al. (2011) proposed a spectral ground motion intensity measure based on 
the yield capacity and expected elongated period of the structure during seismic response. 
The 5-percent damped spectral acceleration (Sa(T)) at a period T is commonly used in 
seismic design provisions (e.g., ASCE 7-10) and the research literature (Shome et al. 
1998) to represent the ground motion intensity measure. Sa(T) is used in this study as the 
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ground motion intensity measure for charactering the seismic hazard. For a specified 
ground motion intensity measure value, the seismic hazard can be understood from a 
seismic hazard analysis.  
 
6.2.2 Probabilistic Seismic Hazard Analysis (PSHA) 
The probabilistic seismic hazard analysis (PSHA) procedure was formalized by 
Cornell (1968). The SSHAC report (SSHAC 1997) provides a comprehensive 
presentation of the PSHA procedure. A PSHA for a site integrates estimates of the 
potential earthquake events from contributing seismic sources (e.g., nearby faults) to 
estimate the probabilistic distribution of spectral acceleration (Sa(T)) at the site and to 
estimate the mean annual frequency of exceeding a given hazard level (e.g., spectral 
acceleration Sa(T)) at the site. A PSHA use one or more ground motion attenuation 
models. Attenuation models have been developed by the NGA project (Power et al. 
2008) from analysis of recorded ground motions and the related earthquake evens that 
produced these ground motions. The Abrahamson and Silva model (Abrahamson and 
Silva 2008), Boor and Atkinson model (Boor and Atkinson 2008), Campbell and 
Bozorgnia model (Campbell and Bozorgnia 2008), Chiou and Youngs model (Chiou and 
Youngs 2008), and Idriss model (Idriss 2008) are often used in PSHA. These attenuation 
models relate the ground shaking at a site to the earthquake magnitude, distance from the 
source, type of fault, and fault rupture characteristics (e.g., depth to the top of rupture, 
etc.).  
The United States Geological Survey (USGS) used three of the NGA models, 
namely, the Boore and Atkinson, Campbell and Bozorgnia, and Chiou and Youngs 
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models, to generate the 2008 USGS seismic hazard maps for crustal faults in the Western 
United States (WUS) (Petersen et al. 2008). All three NGA models used the ground 
motion intensity measure “GMRotI50” which is defined as the orientation-independent 
50th percentile (median) geometric mean of the 5-percent damped spectral accelerations 
for two orthogonal horizontal directions (Boore et al. 2006). These three NGA models 
were weighed equally to provide the spectral accelerations for the seismic hazard maps. 
The 2008 USGS seismic hazard maps provide the basis for the seismic design parameters 
of the 2009 NEHRP Provisions (FEMA 2009), 2010 ASCE 7-10 (ASCE 2010) and 2009 
IBC (ICC 2009). 
 
6.2.3 Deterministic Seismic Hazard Analysis (DSHA) 
In a deterministic seismic hazard analysis (DSHA) (SSHAC 1997; McGuire et al. 
2001), the ground motion intensity for the maximum considered earthquake (MCE) is 
computed from scenario earthquake events at the site. Usually, the 84th-percentile 5-
percent damped spectral response acceleration in the direction of the maximum 
horizontal response is used as the ground motion intensity. A scenario earthquake is a 
large earthquake event that is anticipated on an active fault source near the site that has 
been identified by geologists. Seismic hazard maps base on DSHA use estimates of the 
largest ground motion intensity from a set of specific scenario earthquake events for each 
source, which have been identified as possible threats. Unlike seismic hazard maps from 
PSHA, deterministic maps from DSHA do not explicitly incorporate the frequency of 
occurrence of the earthquakes.  
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6.3 Seismic Hazard Used in Seismic Design Provisions  
The MCE ground motion maps used for seismic design provisions, e.g. ASCE 7-
05 and ASCE 7-10, were developed based on the USGS probabilistic seismic hazard 
maps with modifications based on DSHA. The rule for combining the probabilistic MCE 
ground motion intensity (e.g., spectral acceleration) with the deterministic MCE ground 
motion intensity is that the mapped MCE ground motion intensity is the lesser of the 
intensity from the probabilistic and deterministic results (FEMA 450, 2004; FEMA P-
750, 2009).  
The MCE ground motion intensity is defined as the intensity that has a 2% 
probability of exceedance in 50 years. This level of ground shaking is considered to be 
reasonable for design of a typical structure to have a uniform margin of safety against 
collapse in 50 years. A “uniform hazard spectrum” is used to define the MCE. The 
spectrum is uniform in the sense that the spectral acceleration at each period has a 2% 
probability of exceedance in 50 years. The uniform hazard acceleration response 
spectrum for the MCE shown in Figure 6.1, is approximated by two spectral values, a 
short-period spectral acceleration ( SS ) corresponding to a period of 0.2 second and the 
spectral acceleration ( 1S ) at a period of 1.0 second, and two other periods, 0T and ST , 
defined based on SS  and 1S  as 0 10.2 ST S S=  and 1S ST S S= . As mentioned in Chapter 
4, the design response spectrum is determined as 2/3 times of the MCE spectral 
acceleration.  
The MCE ground motion intensity maps in ASCE 7-05 (ASCE 2005) were based 
on the 2002 update of the USGS probabilistic seismic hazard maps (Petersen 2002). 
ASCE 7-05 specifies that the deterministic spectral acceleration at each period should be 
 171
calculated as a 150% of the largest median 5-percent damped spectral acceleration in the 
direction of maximum horizontal response computed at the given period for characteristic 
earthquakes on all known active faults within the region. ASCE 7-05 also specifies that 
the ordinates of the deterministic MCE ground motion response spectrum shall not be 
lower than the corresponding ordinates of the probabilistic MCE ground motion response 
spectrum, with the lower limit values of SS  equal to 1.5g and 1S  equal to 0.6g.  
ASCE 7-10 recognizes that the probability of collapse is not equal to the 
probability of the ground motion intensity exceeding the MCE ground motion intensity. 
The collapse capacity of a structure depends on the properties and location of the 
structure as well as the ground motion. Designing for uniform-hazard ground motions 
does not necessary result in structures with uniform collapse capacity. To achieve a more 
uniform probability of collapse across various seismic zones within the US, ASCE7-10 
adopts risk-targeted seismic design maps for determining the “risk-targeted maximum 
considered earthquake” (MCER) spectral acceleration parameters MSS  and 1MS . The 
MCER ground motion maps in ASCE 7-10 were based on the 2008 update of the USGS 
probabilistic seismic hazard maps (Petersen 2008). The probabilistic MCER spectral 
acceleration is defined as the spectral acceleration in the direction of the maximum 
horizontal response represented by a 5-percent damped acceleration response spectrum 
that is expected to result in a 1.0 percent probability of collapse within a 50-year period. 
This spectral acceleration is determined as the product of the risk coefficient, RC , and the 
spectral acceleration from a 5-percent damped acceleration response spectrum with a 2% 
probability of exceedance within a 50-year period. The risk coefficient is the ratio of the 
risk-targeted probabilistic ground motion intensity to the corresponding 2% in 50-year 
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ground motion intensity, which is similar to the MCE ground motion intensity defined in 
ASCE 7-05. A value of 1.0 can be taken for RC  for the Southern California region 
according to ASCE 7-10.  
ASCE 7-10 re-defined the deterministic MCER spectral accelerations as the 84th-
percentile 5-percent damped spectral acceleration in the direction of the maximum 
horizontal response, which is one standard deviation above the median value. ASCE 7-10 
has the same lower limits for the deterministic spectral acceleration as ASCE 7-05, that is 
1.5MSS g=  and 1 0.6MS g= .  
 
6.4 Site-specific Hazard and Building Site Selection 
As the prototype structure was designed based on ASCE 7-10, the hazard 
represented by the ASCE 7-10 seismic maps for the MCE is considered to be the design 
basis for the structure. Ground motions at the DBE and MCE hazard levels were selected 
for nonlinear simulations of the structural response of the prototype structure to enable a 
quantitative evaluation of its seismic performance. To facilitate selecting these ground 
motions, a site for the prototype building was selected so that the hazard from PSHA is 
consistent with the hazard represented by the ASCE 7-10 seismic maps.  
A site in Pomona, California (latitude, longitude= 34.979° N, 117.6° W) was 
selected as the building site. Table 6.1 lists the parameters of the site. The site has an 
average shear wave velocity Vs30 of 300 m/s and is a NEHRP class D (NEHRP 2009) 
site. According to USGS (http://earthquake.usgs.gov, 2008), the spectral acceleration at 
short period (0.2 second) and 1.0 second period at this site are 1.51SS g=  and 
1 0.87S g=  at the 2% probability of exceedance in 50 years (MCE) (Figure 6.2 and 6.3) 
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and 1.01SS g=  and 1 0.54S g=  at the 10% probability of exceedance in 50 years (DBE) 
(Figure 6.4 and 6.5). These values are close to the values of 1.5SS g=  and 1 0.9S g=  for 
the MCE response spectrum and 1.0DSS g=  and 1 0.6DS g=  for the DBE response 
spectrum from ASCE 7-10, as shown in Figure 6.6. As illustrated in Figure 6.7(a) and 
Figure 6.7(b) compare the response spectrum from ASCE 7-10 with the UHS from the 
USGS PSHA (Petersen et al. 2008) with a probabilistic exceedance of 10% in 50 years 
and 2% in 50 years, respectively. The figures show that the spectral accelerations are 
comparable. 
 
6.5 Ground Motion Selection and Scaling 
The objective of selecting and scaling a set of ground motions to match a target 
hazard is to provide an accurate estimation of the median structural response from 
nonlinear numerical simulation of structural response of the structure using these ground 
motions. Rules for selecting and scaling ground motions for a specified hazard are 
described in seismic design provisions (e.g. ASCE 7-10, ASCE 41-06) and have been the 
subject of much research in recent years. Amplitude-scaling methods (e.g. Somerville et 
al. 1997; Shome et al. 1998) and spectrum-matching methods (Abrahamson 1998; 
Hancock et al. 2006) have been proposed. An amplitude-scaling method does not modify 
the frequency content of the individual ground motion records in the set, and was used in 
this study.   
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6.5.1 Target Hazard Spectrum 
The UHS and the conditional mean spectrum (CMS), recently proposed by 
Baker (2011), are two target hazard spectra that have been used in recent research. The 
UHS is an envelope of the spectral amplitudes at all periods that have the same 
probability of exceedance, such as 50%, 10%, and 2% probability in 50 years. Since the 
hazard (represented as a ground motion intensity measure, such as the spectral 
acceleration) is computed independently at each spectral period, a UHS is understood to 
be not a representative of any individual ground motion.  
Baker (2011) proposed the CMS as a target response spectrum for ground motion 
selection. The CMS is the expected response spectrum for ground motions, given a target 
spectral acceleration value and hazard (e.g., 10% probability of exceedance in 50 years) 
at a period of interest (T*). The CMS requires a period of interest T* to be given. T* is 
usually selected as the period that dominates the structural response. If the structure has 
dominant response at multiple periods, or if the period at the dominant structural response 
is indeterminate due to variable dynamic properties of the structure under a ground 
motion, a CMS-based method of selecting ground motions requires various T* to be 
considered. In the present study, since the period of the dominant structural response of 
the test structure changes due to the DBF with nonlinear viscous dampers, the UHS rather 
than the CMS is used as the target response spectrum for ground motion selection. The 
procedure for ground motion selection is described as follows. 
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6.5.2 Ground Motion Selection Procedure 
Ground motions were selected for three seismic hazard levels: frequently 
occurring earthquake (FOE) with 50% probability of exceedance in 50 years, DBE, and 
MCE. The steps for ground motion selection for a specific seismic hazard level at a 
specific site are described as following: 
Step 1: Seismic hazard characterization at building site  
The seismic hazard at the building site was characterized by performing PSHA. 
The USGS 2008 “Interative Deaggregations” (http://geohazards.usgs.gov/deaggint/2008/) 
was used as a tool to understand the hazard at a specified period (i.e., Sa(T*) for T* 
equals to 0.2 and 1.0 second) and to develop the UHS at the building site (e.g., as shown 
in Figure 6.7 for the 10% and 2% POE UHS).  
Step 2: Target hazard spectrum at building site 
The maximum structural response under an arbitrary ground motion component, 
regardless of direction, is of interest, so the UHS for an arbitrary component of horizontal 
ground motions was generated using the Campbell and Bozorgnia (2008) ground motion 
attenuation model and was used as the target hazard spectrum. The target UHS was 
generated using the OpenSHA program (Field et.al. 2003). Figure 6.8(a) and Figure 
6.8(b) compare the response spectrum from ASCE 7-10 and the UHS predicted by the 
Campbell and Bozorgnia model for the DBE and MCE hazard level, respectively. The 
spectral accelerations of the UHS match the response spectrum from ASCE 7-10 at both 
the DBE and MCE hazard levels. 
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Step 3: Hazard disaggregation 
The contributions to the hazard from various magnitude (M), distance (R), and 
epsilon (ɛ) combinations were calculated using hazard disaggregation and the Campbell 
and Bozorgnia ground motion attenuation model. Epsilon (ɛ), defined by Baker et.al 
(2006), as an indication of the shape of the response spectrum for a ground motion. The 
disaggregation represents the conditional probability of M, R and ɛ when the spectral 
acceleration exceeds the hazard level at the site. Table 6.2 lists the mean M, R, and ɛ for 
the target hazard at the estimated fundamental period range from 0.1 to 4.0 seconds at the 
selected building site.  
Step 4: Ground motion scaling to match the target hazard spectrum 
Earthquake ground motion records from the PEER NGA Database (PEER 2008) 
was selected and scaled to match the target UHS over a period range from 0.2 second to 
4.0 second. The PEER NGA database consists of 3551 multi-component records from 
173 shallow crustal earthquakes with magnitude ranging from 4.2 to 7.9. The scale factor 
for each record is calculated using Equation (6.1).  
target
1
record
1
S ( )
 
S ( )
n
a j
j
n
a j
j
T
scale factor
T
=
=
=
∑
∑
                                                                              (6.1) 
where recordS ( )a jT  is the spectral acceleration of the ground motion at period jT , and 
targetS ( )a jT is the spectral acceleration of the target UHS at period jT . A total of 16 periods 
in the range of 0.2 to 4.0 seconds (i.e., 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.75, 0.85, 1.0, 1.2, 
1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 seconds) were used in the calculation. 
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Step 5: Ground motion selection by error from target hazard spectrum 
The match between each scaled ground motion and the target hazard spectrum 
was estimated by the sum of squared errors (SSE) (Baker 2011) using Equation (6.2). A 
smaller SSE demonstrates the scaled ground motion more closely matches the target 
spectrum over the period range of interest. 
( )2record target
1
lnS ( ) lnS ( )
n
a j a j
j
SSE T T
=
= −∑                                                              (6.2) 
where recordlnS ( )a jT is the logarithm of the spectral acceleration of the ground motion at 
period jT , and 
targetlnS ( )a jT is the logarithm of the spectral acceleration of the target UHS 
at period jT . The 16 periods used for the scale factor calculation were used for the SSE 
calculation. The logarithm of the spectral acceleration is used in Equation (6.2) based on 
an assumption of lognormal distribution of the spectral acceleration of ground motion at 
each period. The median spectral acceleration spectrum of the selected set of ground 
motions using Equation (6.3) should match the target UHS. 
record
1
1 lnS ( )
medianS
N
a
i
i
N
a e
=
∑
=                                                                                           (6.3) 
where N is the number of individual ground motions included in the selected set of 
ground motions and medianS
a
is the median spectral acceleration of the set of ground 
motions. 
Step 6: Ground motion selection refinement  
Each set of ground motions with small SSE values, for a specific hazard, was 
refined by including ground motion records associated with the same site soil 
classification and with magnitude and distance that are close to the disaggregation results 
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for the target hazard. Ground motions with large scale factors, with spectral shapes that 
are significantly different than the target UHS, and without detail information about the 
recording stations, were excluded from the ground motion set.  
Three sets of 40 ground motions were selected to represent the FOE, DBE, and 
MCE hazard levels at the prototype building site. Detailed information for three sets of 
ground motions are summarized in Table 6.3 through 6.5. Figure 6.5 through 6.7 shows 
the response spectra for these ground motions, together with the median spectrum for the 
set ground motions, and the target hazard spectrum at the FOE, DBE, and MCE hazard 
level, respectively. The median spectrum of each ground motion set has good agreement 
with the target spectrum, at each hazard level.  
 
6.6 Summary 
This chapter presents the seismic hazard analysis and ground motion selection 
procedure for the selected prototype building site. The building site was selected so that 
the hazard estimated using a probabilistic seismic hazard analysis (PSHA) was consistent 
with the ASCE 7-10 seismic hazard defined from the associated seismic maps. A 
procedure for scaling and selecting ground motion to represent the specific seismic 
hazard level at the prototype building site is described. Three sets of 40 ground motions 
representing the frequently occurring earthquake (FOE), design basis earthquake (DBE), 
and maximum considered earthquake (MCE) hazard level at the prototype building site 
were selected. These ground motion sets were selected for nonlinear numerical 
simulations of structural response of the structure needed to quantify the seismic 
performance of the prototype structure.  
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Table 6.1 Parameters of prototype building site 
Site name Pomona, California 
Latitude 33.979° N 
Longitude 117.600° W 
Vs30 (m/s) 300 
Depth 2.5km/s 1.0 
Site soil classification Stiff soil 
Seismic design category D 
Occupancy category I 
 
 
 
Table 6.2 Mean magnitude, distance, and epsilon from disaggregation of hazard with 2% 
probability of exceedance in 50 years at prototype building site 
Period, T* 
(s) 
Sa (T*) 
 (g) Magnitude, M 
Distance, R 
 (kM) Epsilon, ε 
0.1 1.218 6.54 15.6 1.70 
0.2 1.511 6.62 16.2 1.73 
0.3 1.478 6.73 17.1 1.72 
0.5 1.271 6.87 17.9 1.72 
1.0 0.872 7.17 21.4 1.79 
2.0 0.490 7.44 26.4 1.76 
3.0 0.325 7.58 28.3 1.68 
4.0 0.236 7.61 28.9 1.67 
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Table 6.3 Selected ground motions at FOE level for prototype building site 
EQ. ID
Earthquake Ground motion 
records 
Scale 
Factor R  
(kM) M ε 
Vs30 
(m/s) Fault Year Name 
1 69.2 7.3 0.37 271.4 0 1992 Landers ABY000 1.48 
2 69.2 7.3 0.44 271.4 0 1992 Landers ABY090 1.30 
3 8.7 6.7 1.30 297.7 2 1994 Northridge ARL360 0.74 
4 18.2 6.5 1.55 192.1 0 1987 Superstition Hills B-ICC000 0.62 
5 28.8 7.4 0.24 338.6 2 1978 TABAS BOS-L1 1.70 
6 34.9 7.3 0.48 370.8 0 1992 Landers BRS000 1.63 
7 13.0 6.5 0.56 193.7 0 1987 Superstition Hills B-WSM090 1.04 
8 47.3 7.6 0.14 271.3 3 1999 Chi-Chi, Taiwan CHY004-N 1.86 
9 24.1 7.6 1.15 442.2 3 1999 Chi-Chi, Taiwan CHY046-N 0.91 
10 37.5 7.6 1.07 272.6 3 1999 Chi-Chi, Taiwan CHY088-E 1.02 
11 12.5 6.7 0.83 446 2 1994 Northridge CWC270 0.78 
12 21.8 7.3 1.20 345.4 0 1992 Landers DSP090 1.10 
13 6.6 7.1 2.81 276 0 1999 Duzce, Turkey DZC270 0.34 
14 10.4 6.5 0.87 208.7 0 1979 Imperial Valley H-BRA315 0.84 
15 42.0 6.4 0.19 338.5 2 1983 COALINGA H-COW090 1.29 
16 24.8 6.9 1.73 215.5 3 1989 Loma Prieta HDA165 0.62 
17 22.0 6.5 1.39 274.5 0 1979 Imperial Valley H-DLT262 0.71 
18 22.0 6.5 1.66 274.5 0 1979 Imperial Valley H-DLT352 0.58 
19 12.9 6.5 1.32 162.9 0 1979 Imperial Valley H-E03140 0.67 
20 17.9 6.5 0.13 196.9 0 1979 Imperial Valley H-E12140 1.38 
21 7.3 6.5 1.47 192.1 0 1979 Imperial Valley H-ECC002 0.68 
22 92.0 7.1 0.96 345.4 0 1999 Hector Mine HECTOR-11625090 1.35 
23 43.1 7.1 1.06 271.4 0 1999 Hector Mine HECTOR-21081360 1.13 
24 7.7 6.5 1.22 202.9 0 1979 Imperial Valley H-HVP225 0.73 
25 27.9 6.9 0.93 370.8 3 1989 Loma Prieta HSP090 0.80 
26 23.6 6.7 0.76 392.2 2 1994 Northridge NORTH5082A-235 0.91 
27 16.7 5.9 1.44 348.7 0 1979 Westmorland PTS315 0.88 
28 5.2 6.7 3.23 370.5 2 1994 Northridge SCE018 0.27 
29 30.9 6.9 1.46 425.3 3 1989 Loma Prieta SLC270 0.78 
30 30.9 6.9 1.30 425.3 3 1989 Loma Prieta SLC360 0.63 
31 8.5 6.9 1.60 370.8 3 1989 Loma Prieta STG000 0.57 
32 25.4 7.6 1.06 272.6 3 1999 Chi-Chi, Taiwan TCU038-N 0.82 
33 26.3 7.6 1.08 272.6 3 1999 Chi-Chi, Taiwan TCU042-E 0.78 
34 9.5 7.6 0.96 272.6 3 1999 Chi-Chi, Taiwan TCU050-E 1.02 
35 7.7 7.6 0.88 272.6 3 1999 Chi-Chi, Taiwan TCU051-E 0.92 
36 6.4 7.6 1.45 272.6 3 1999 Chi-Chi, Taiwan TCU055-E 0.66 
37 9.4 7.6 1.23 475.5 3 1999 Chi-Chi, Taiwan TCU122-N 0.73 
38 29.7 6.7 0.15 405.2 2 1994 Northridge W15090 1.55 
39 9.3 6.9 2.15 370.8 3 1989 Loma Prieta WVC270 0.52 
40 23.6 7.3 0.89 353.6 0 1992 Landers YER360 0.96 
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Table 6.4 Selected ground motion at DBE level for prototype building site 
EQ.  
ID 
Earthquake Ground motion 
record 
Scale 
Factor R  
(kM) M ε 
Vs30  
(m/s) Fault Year Name 
1 18.2 6.5 1.27 192.1 0 1987 Superstition Hills B-ICC000 1.32 
2 23.9 6.5 1.27 207.5 0 1987 Superstition Hills B-IVW360 1.30 
3 11.2 6.5 0.89 207.5 0 1987 Superstition Hills B-POE360 1.51 
4 24.1 7.6 0.87 442.2 3 1999 Chi-Chi, Taiwan CHY046-N 1.93 
5 24.1 7.6 0.75 272.6 3 1999 Chi-Chi, Taiwan CHY047-N 2.03 
6 12.5 6.7 0.55 446 2 1994 Northridge CWC270 1.65 
7 21.8 7.3 0.91 345.4 0 1992 Landers DSP090 2.34 
8 15.4 7.5 1.24 276 0 1999 Kocaeli, Turkey DZC180 1.18 
9 6.6 7.1 2.53 276 0 1999 Duzce, Turkey DZC270 0.73 
10 10.4 6.5 0.59 208.7 0 1979 Imperial Valley H-BRA315 1.79 
11 24.8 6.9 1.45 215.5 3 1989 Loma Prieta HDA165 1.33 
12 22.0 6.5 1.10 274.5 0 1979 Imperial Valley H-DLT262 1.52 
13 22.0 6.5 1.38 274.5 0 1979 Imperial Valley H-DLT352 1.23 
14 12.9 6.5 1.04 162.9 0 1979 Imperial Valley H-E03140 1.43 
15 92.0 7.1 0.67 345.4 0 1999 Hector Mine HECTOR-11625090 2.87 
16 43.1 7.1 0.77 271.4 0 1999 Hector Mine HECTOR-21081360 2.40 
17 7.7 6.5 0.94 202.9 0 1979 Imperial Valley H-HVP225 1.56 
18 27.9 6.9 0.64 370.8 3 1989 Loma Prieta HSP090 1.71 
19 5.9 6.7 1.74 629 2 1994 Northridge LDM334 1.08 
20 16.7 5.9 1.16 348.7 0 1979 Westmorland PTS315 1.88 
21 6.5 6.7 2.25 282.3 2 1994 Northridge RRS318 0.66 
22 5.2 6.7 2.95 370.5 2 1994 Northridge SCE018 0.59 
23 5.2 6.7 2.29 370.5 2 1994 Northridge SCE288 0.80 
24 30.9 6.9 1.18 425.3 3 1989 Loma Prieta SLC270 1.66 
25 30.9 6.9 1.02 425.3 3 1989 Loma Prieta SLC360 1.35 
26 25.4 7.6 0.78 272.6 3 1999 Chi-Chi, Taiwan TCU038-N 1.74 
27 26.3 7.6 0.80 272.6 3 1999 Chi-Chi, Taiwan TCU042-E 1.67 
28 26.3 7.6 0.80 272.6 3 1999 Chi-Chi, Taiwan TCU042-N 1.80 
29 9.5 7.6 0.67 272.6 3 1999 Chi-Chi, Taiwan TCU050-E 2.18 
30 7.7 7.6 0.60 272.6 3 1999 Chi-Chi, Taiwan TCU051-E 1.95 
31 6.4 7.6 1.17 272.6 3 1999 Chi-Chi, Taiwan TCU055-E 1.41 
32 6.4 7.6 0.84 272.6 3 1999 Chi-Chi, Taiwan TCU055-N 1.59 
33 10.5 7.6 0.66 272.6 3 1999 Chi-Chi, Taiwan TCU056-E 2.08 
34 10.5 7.6 0.77 272.6 3 1999 Chi-Chi, Taiwan TCU056-N 2.15 
35 19.3 6.2 0.63 475.5 2 1999 Chi-Chi, Taiwan TCU122-E 2.09 
36 9.4 7.6 0.95 475.5 3 1999 Chi-Chi, Taiwan TCU122-N 1.56 
37 9.3 6.9 1.44 370.8 3 1989 Loma Prieta WVC000 1.25 
38 9.3 6.9 1.87 370.8 3 1989 Loma Prieta WVC270 1.10 
39 23.6 7.3 1.15 353.6 0 1992 Landers YER270 1.47 
40 23.6 7.3 0.60 353.6 0 1992 Landers YER360 2.05 
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Table 6.5 Selected ground motion at MCE level for prototype building site 
EQ. 
ID 
Earthquake Ground motion 
records 
Scale 
Factor R  
(kM) M ε 
Vs30  
(m/s) Fault Year Name 
1 23.9 6.5 1.28 207.5 0 1987 Superstition Hills B-IVW360 2.09 
2 11.2 6.5 0.90 207.5 0 1987 Superstition Hills B-POE360 2.44 
3 24.1 7.6 0.73 442.2 3 1999 Chi-Chi, Taiwan CHY046-N 3.12 
4 12.5 6.7 1.33 446 2 1994 Northridge CWC270 2.67 
5 21.8 7.3 0.86 345.4 0 1992 Landers DSP090 3.76 
6 15.4 7.5 1.27 276 0 1999 Kocaeli, Turkey DZC180 1.90 
7 6.6 7.1 1.69 276 0 1999 Duzce, Turkey DZC270 1.18 
8 10.4 6.5 0.67 208.7 0 1979 Imperial Valley H-BRA315 2.89 
9 24.8 6.9 0.82 215.5 3 1989 Loma Prieta HDA165 2.14 
10 22.0 6.5 0.39 274.5 0 1979 Imperial Valley H-DLT262 2.45 
11 22.0 6.5 1.44 274.5 0 1979 Imperial Valley H-DLT352 1.99 
12 12.9 6.5 0.46 162.9 0 1979 Imperial Valley H-E03140 2.31 
13 7.3 6.5 1.23 192.1 0 1979 Imperial Valley H-ECC002 2.35 
14 7.3 6.5 0.95 192.1 0 1979 Imperial Valley H-ECC092 2.43 
15 43.1 7.1 0.28 271.4 0 1999 Hector Mine HECTOR-21081090 3.65 
16 31.1 7.1 0.75 379.3 0 1999 Hector Mine HECTOR-22170090 4.27 
17 7.7 6.5 0.83 202.9 0 1979 Imperial Valley H-HVP225 2.51 
18 7.7 6.5 0.63 202.9 0 1979 Imperial Valley H-HVP315 2.87 
19 27.9 6.9 2.58 370.8 3 1989 Loma Prieta HSP000 1.26 
20 27.9 6.9 1.20 370.8 3 1989 Loma Prieta HSP090 2.76 
21 11.0 7.3 1.46 379.3 0 1992 Landers JOS090 1.92 
22 23.6 6.7 1.13 413.8 2 1994 Northridge NORTHR-5082-235 2.90 
23 16.7 5.9 0.76 348.7 0 1979 Westmorland PTS315 3.02 
24 6.5 6.7 2.03 282.3 2 1994 Northridge RRS318 1.06 
25 5.2 6.7 0.96 370.5 2 1994 Northridge SCE018 0.95 
26 5.2 6.7 2.63 370.5 2 1994 Northridge SCE288 1.30 
27 8.5 6.9 1.29 370.8 3 1989 Loma Prieta STG000 1.97 
28 8.5 6.9 1.05 370.8 3 1989 Loma Prieta STG090 2.77 
29 26.5 6.7 1.11 336.2 2 1994 Northridge STM360 2.61 
30 26.3 7.6 0.64 272.6 3 1999 Chi-Chi, Taiwan TCU042-E 2.69 
31 7.7 7.6 1.07 272.6 3 1999 Chi-Chi, Taiwan TCU051-E 3.14 
32 6.4 7.6 0.92 272.6 3 1999 Chi-Chi, Taiwan TCU055-N 2.56 
33 10.5 7.6 0.76 272.6 3 1999 Chi-Chi, Taiwan TCU056-E 3.36 
34 10.5 7.6 0.40 272.6 3 1999 Chi-Chi, Taiwan TCU056-N.at2 3.46 
35 9.4 7.6 0.28 475.5 3 1999 Chi-Chi, Taiwan TCU122-E.at2 3.01 
36 5.5 6.7 1.56 285.9 2 1994 Northridge WPI316.at2 1.72 
37 9.3 6.9 1.55 370.8 3 1989 Loma Prieta WVC000.at2 2.01 
38 9.3 6.9 1.85 370.8 3 1989 Loma Prieta WVC270.at2 1.78 
39 23.6 7.3 1.67 353.6 0 1992 Landers YER270.at2 2.37 
40 23.6 7.3 0.96 353.6 0 1992 Landers YER360.at2 3.31 
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
Figure 6.1 Uniform hazard MCE response spectrum 
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Figure 6.2 PSHA disaggregation of hazard with 2% probability of exceedance in 50 years 
at 0.2 second for the prototype building site (from USGS Custom Mapping and Analysis 
Tools, http://earthquake.usgs.gov/research/hazmaps/interactive/, 2008). 
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Figure 6.3 PSHA disaggregation of hazard with 2% probability of exceedance in 50 years 
at 1.0 second for the prototype building site (from USGS Custom Mapping and Analysis 
Tools, http://earthquake.usgs.gov/research/hazmaps/interactive/, 2008). 
 
 
Figure 6.4 PSHA disaggregation of hazard with 10% probability of exceedance in 50 
years at 0.2 second for the prototype building site (from USGS Custom Mapping and 
Analysis Tools, http://earthquake.usgs.gov/research/hazmaps/interactive/, 2008). 
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Figure 6.5 PSHA disaggregation of hazard with 10% probability of exceedance in 50 
years at 1.0 second for the prototype building site (from USGS Custom Mapping and 
Analysis Tools, http://earthquake.usgs.gov/research/hazmaps/interactive/, 2008). 
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Figure 6.6 ASCE 7-10 risk-targeted maximum considered earthquake (MCER) spectral 
response acceleration and design spectral response acceleration for the prototype building 
site (from USGS Custom Mapping and Analysis Tools, 
http://earthquake.usgs.gov/designmaps/us. 
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Figure 6.7 ASCE 7-10 response spectrum and USGS UHS for the prototype building site: 
(a) DBE-10% in 50 years; (b) MCE-2% in 50 years 
 
 
 
 
Figure 6.8 ASCE 7-10 response spectrum, USGS UHS, and UHS predicted by Campbell 
and Bozorgnia attenuation model (CB08 model) for the prototype building site: (a) FOE-
50% in 50 years; (b) DBE-10% in 50 years; (c) MCE-2% in 50 years 
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Figure 6.9 UHS target hazard spectrum and median spectrum for ground motions at FOE 
level 
 
 
 
Figure 6.10 UHS target hazard spectrum and median spectrum for ground motions at 
DBE level 
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Figure 6.11 UHS target hazard spectrum and median spectrum for ground motions at 
MCE level 
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Chapter 7  
Numerical Model and Dynamic Analysis of the Structural Response  
 
7.1 General 
This chapter describes the development of the numerical model for the test 
structure, and the subsequent analysis of the test structure using this model. As described 
in Chapter 4, the test structure includes a single-bay MRF, a single-bay DBF, and the 
gravity load system tributary to the single-bay MRF and DBF. The nonlinear numerical 
model of the test structure was developed using the program OpenSees (2012). Nonlinear 
dynamic time history analysis (NDTHA) was performed using the nonlinear numerical 
model to predict the response of the test structure under ground motions of different 
earthquake hazard levels. The sets of ground motions presented in Chapter 6 were used 
for the NDTHA. Results from the NDTHA are presented statistically to account for the 
variability in the response under different ground motions. 
 
7.2 Nonlinear numerical model of the test structure 
The modeling details of the test structure, shown in Figure 7.1, are presented in 
the following sections. Figure 7.2 shows a schematic of the numerical model of the test 
structure developed using OpenSees.   
 
7.2.1 OpenSees Program 
OpenSees (2012) is an open software framework for developing models to simulate 
the performance of structural systems subjected to earthquakes. It has advanced 
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capabilities for modeling and simulating the nonlinear response of structural systems 
using a wide range of material models, elements, and solution algorithms.  
 
7.2.2 MRF Model 
The beams and columns of the MRF are modeled using nonlinear beam-column 
fiber element. The nonlinear beam-column fiber element is based on a force formulation 
(i.e., flexibility based formulation) and considers the spread of plasticity distributed along 
the length of the element. The integration along the element is based on the Gauss-
Lobatto quadrature rule. Each column is modeled with 1 element in each story. Each 
beam is modeled with 14 elements, with 5 elements for each reduced beam section (RBS) 
(as shown in Figure 7.3), 2 elements between the RBS, and 1 element between the RBS 
and column flange at each end of the beam. Seven fiber sections (i.e., integration points) 
are used along the length of these elements. Each fiber section is discretized into 22 
fibers, with 12 fibers for the web and 5 fibers for each flange of the wide-flange steel 
sections. The axial force-deformation and moment-curvature response of each fiber 
section is accounted for by integrating the material stress-strain relationship from each 
fiber to give the resultant section behavior. The shear force-deformation response is 
accounted for by a shear force-shear deformation response associated with the fiber 
section. The ‘Steel01’ material, which has a uniaxial bilinear stress-strain relationship 
with strain hardening, is used for the fibers at each section. The ‘Lehigh’ panel zone 
elements are used to model the shear deformation and uniform bending deformation of 
the panel zones of the MRF. The elastic modulus and yielding stress of the material is 
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200,000 Mpa and 345 Mpa, respectively, and the strain hardening ratio (the post-yielding 
modulus over the elastic modules) is 0.01. 
 
7.2.3 DBF Model and Calibration  
7.2.3.1. DBF model  
The beams and columns of the DBF are modeled using the nonlinear beam-
column fiber element described in Section 7.2.2. The Tees of the beam splice connections 
and the braces are also modeled using nonlinear beam-column fiber elements. As shown 
in Figure 7.4, between the element modeling the Tee element and the element modeling 
the beam, a gap element is used to model the horizontal tolerance between the pins and 
pin holes of the beam splice connection. The gap element has the same section as the Tee. 
Figure 7.5 shows the stress-strain relationship used for the fibers at each section of the 
gap element. The top gusset plate that connects each brace to the associated beam-to-
column connection and the lower gusset plate that connects a pair of braces to the damper 
attachment plates are each modeled with linear elastic beam-column element. In the DBF 
model, the beam-column-gusset connections are modeled with discrete nonlinear beam-
column fiber elements to model sections including beams, columns, and gusset plates to 
better represent the strength and stiffness contribution of the gusset plates to these regions 
of the DBF structure. Figure 7.6 shows the discretization of the beam-column-brace 
connections. The rectangular section for the gusset plate has a width and thickness equal 
to the width of the Whitmore section and thickness of the gusset plate, respectively. The 
clevis connections that connect the damper to the floor beams and the damper attachment 
connections that connecting the dampers to the braces are modeled using the ‘Lehigh’ 
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panel-zone element to include shear deformation and uniform bending deformation of the 
panel zones of these components. 
 
7.2.3.2. Calibration of the DBF model           
The DBF model was calibrated through a series of static tests conducted on the 
DBF without dampers. Table 7.1 and Table 7.2 provide the flexibility matrix of the DBF 
obtained from the static tests and the flexibility matrix of the numerical model, 
respectively. Table 7.3 compares the two flexibility matrices by showing the differences 
between the corresponding elements of the matrices. The values of the elements of the 
matrices are close to each other, with a maximum difference less than 4%, which 
indicates the numerical model for the DBF predicts reasonably accurate floor 
displacements for a given applied force at each floor level.  
Figure 7.7 compares the lateral force-floor displacement response of the DBF 
from the static test with that from numerical model with load the force applied at the third 
floor. It can be seen that the slope of the force-displacement response of each floor from 
the numerical matches the response from the static test. The difference is that the force-
displacement response from the numerical model is nearly linear-elastic under the applied 
force, while some hysteresis can be observed in the force-displacement response from the 
static test,  due to friction in the connections and boundary restraints.   
Figure 7.8 compares the axial force-deformation response of the third floor Tees 
from the static test with that from numerical model with force applied at the third floor. 
Although the axial forces from the numerical model are very close to the axial forces 
from the static test, the axial deformation from the numerical model is smaller than the 
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axial deformation from static test, especially for the north Tee. Also, the initial axial 
stiffness of the Tees from static test is smaller than the initial axial stiffness from the 
numerical model. 
 
7.2.4 Nonlinear Viscous Damper Model 
The nonlinear viscous dampers are modeled using the Nonlinear Maxwell damper 
model which is described in Chapter 3. This damper model is implemented in OpenSees 
as a new uniaxial material using a zero length element to represent the force-deformation 
and force-velocity response quantities of a nonlinear viscous damper. The parameters of 
the damper model are based on the characterization test results for each damper. 
 
7.2.5 Gravity Load System  
A lean-on column is included in the numerical model to simulate the gravity 
system in the seismic tributary area of a single-bay MRF and a single-bay DBF in one 
direction of the prototype building (as described in Chapter 4) to account for the P-∆ 
effects due to the gravity loads in the numerical model. The lean-on column is modeled 
with one elastic beam-column element in each story of the structure, and is pinned at the 
ground level. Gravity loads (dead loads and live loads) in the seismic tributary area are 
applied at each floor level to introduce P-∆ effects into the model. In OpenSees, the 
geometric nonlinearity of the elements is included by using the corotational geometric 
transformation for the lean-on column elements. The corotational geometric 
transformation excludes rigid body motions by tracking the rotation of the element and 
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transforms element stiffness and resisting force from the local coordinate system to the 
global coordinate system. 
 
7.2.6 Mass and Inertial Force Transfer  
The masses for the test structure are the effective seismic weight of the seismic 
tributary area of a single-bay MRF and a single-bay DBF, divided by the acceleration of 
gravity (as described in Chapter 4). In the numerical model, the masses are assigned to 
the nodes of the lean-on column that models the gravity load system. To model an 
assumed rigid floor diaphragm, the nodes at 1/2 and 2/3 span at the top flange of the floor 
beams of the MRF and the DBF are slaved to the nodes of the lean-on column at each 
floor level. This mode transfers the inertial forces due to the floor masses on the lean-on 
column into the MRF and the DBF.  
 
7.2.7 Inherent Damping 
The inherent damping used in the numerical model represents the energy 
dissipation characteristics of the building during low-amplitude dynamic response. The 
inherent damping is modeled using Rayleigh damping. The Rayleigh damping model is 
based on a 2% damping ratio for the first and second modes. The Rayleigh damping 
matrix C is constructed as:  
0 1 ta a= +C M K                                                                                                     (7.1)    
where M is the mass matrix of the structure; Kt is the tangent stiffness matrix of the 
structure. The damping matrix C is updated with tK . The mass proportional coefficient 
0a  and stiffness coefficient 1a  are determined based on the specified damping ratio 1ξ  
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and 2ξ  for the first and second mode of the structure with initial stiffness K0  of the 
structure as:  
( )2 20 1 2 1 2 1 22 2
1 2
2
a ω ω ξ ω ω ξ
ω ω
= − +
−
                                                                    (7.2a) 
( )1 1 1 2 22 2
1 2
2
a ω ξ ω ξ
ω ω
= −
−
                                                                                (7.2b) 
1 2 0.02ξ ξ= =                                                                                                     (7.2c) 
where 1ω  and 2ω  are the modal frequency of the first and second mode of structure with 
initial stiffness K0.  
 
7.3 Nonlinear Dynamic Time History Analysis 
7.3.1 Integration Algorithm 
The Newmark constant average acceleration method (Chopra 2011) is used to 
integrate the equations of motion of the numerical model. To account for the nonlinear 
behavior of the structure, the modified Newton-Raphson iteration method (Chopra 2011) 
was used. Iteration terminates when the incremental displacement become small enough, 
which is judged by the Euclidean norm of the incremental displacement to be smaller 
than 81 10−× . 
 
7.3.2 Ground Motion Records 
The sets of 40 ground motions selected to represent the FOE, DBE, and MCE 
hazard level, as discussed in Chapter 6, were used for the NDTHA of the test structures. 
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In the NDTHA, the ground motion acceleration is applied uniformly to the base supports 
of the numerical model in the global horizontal direction.  
 
7.3.3 Results for Test Structures without Dampers 
The seismic response of the D100V, D75V, and D60V test structures including 
the MRF and the DBF without dampers from the NDTHA at the FOE, DBE, and MCE 
hazard level are presented in this section. The seismic response in terms of peak story 
drift ratio, residual story drift ratio, peak floor velocity, peak floor acceleration, and base 
shear are presented and assessed statistically. 
 
7.3.3.1 Response under FOE Ground Motions 
Table 7.4 gives of the peak story drift ratios of the test structures without dampers 
under the FOE. The third story of each structure has the maximum story drift ratios. The 
mean peak story drift ratio of the third story is 1.20%, 1.31%, and 1.43% radians for the 
D100V, D75V, and D60V structure, respectively. Based on the story drift ratio limit of 
0.7% radians for the “Immediate Occupancy” performance level specified in ASCE 41-
06, the test structures without dampers do not achieve the “Immediate Occupancy” 
performance level under the FOE based on mean response.  
Table 7.5 gives the residual story drift ratios of the structures without dampers 
under the FOE. For the D100V structure, the mean residual story drift ratio is 0.09%, 
0.12%, and 0.03% radians for the first, second, and third story, respectively; for the 
D75V structure, the mean residual story drift ratio is 0.08%, 0.11%, and 0.05% radians 
for the first, second, and third story, respectively; and for the D60V structure, the mean 
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residual story drift ratio is 0.14%, 0.20%, and 0.06% radians for the first, second, and 
third story, respectively. The non-negligible residual story drifts of the first and second 
stories indicate yielding occurred to the structures even under FOE.   
Table 7.6 and Table 7.7 provide a summary of the peak floor velocities and peak 
floor accelerations of the structures under the FOE. The third floor (i.e., the roof) has the 
maximum mean peak floor velocity, which is 0.52, 0.49, and 0.48 m/s for the D100V, 
D75V, and D60V structure, respectively. The third floor also has the maximum mean 
peak floor acceleration for each structure, which is 0.46g, 0.38g, and 0.33g for the 
D100V, D75V, and D60V structure, respectively. The differences between the maximum 
floor velocities of each structure are not larger; however, the peak floor accelerations 
reduce as the design strength level of the structure is reduced.  
Table 7.8 provides a summary of the peak base shear forces of the structures. The 
mean peak base shear force (where MRF+DBF indicates the sum of the base shears in the 
MRF and DBF) is 672, 729, and 779 kN for the D100V, D75V, and D60V structure, 
respectively. The ratio of the mean peak base shear force to the seismic weight of the test 
structure (i.e., 2702, 3603, and 4504 kN for the D100V, D75V, and D60V structure, 
respectively) is 0.25, 0.20, and 0.17 for the D100V, D75V, and D60V, respectively, 
which indicates the base shear force in fraction of seismic weight is smaller for structures 
designed with less design strength level. 
 
7.3.3.2 Response under DBE Ground Motions 
Table 7.9 gives of the peak story drift ratios of the test structures without dampers 
under the DBE. The third story of each structure has the maximum story drift ratio. The 
 199
mean peak story drift ratio of the third story is 2.19%, 2.52%, and 2.86% radians for the 
D100V, D75V, and D60V structure without dampers, respectively. Based on the story 
drift ratio limit of 2.50% radians specified for the “Life Safety” performance level in 
ASCE 41-06, the D100V and D75V structure without dampers achieve the “Life Safety” 
performance level under the DBE based on mean response, and the D60V structure 
without dampers does not meet the “Life Safety” performance level under the DBE.  
Table 7.10 gives the residual story drift ratios of the structures without dampers. 
For the D100V structure, the mean residual story drift ratio is 0.21%, 0.28%, and 0.21% 
radians for the first, second, and third story, respectively; for the D75V structure, the 
mean residual story drift ratio is 0.27%, 0.37%, and 0.37% radians for the first, second, 
and third story, respectively; and for the D60V structure, the mean residual story drift 
ratio is 0.41%, 0.56%, and 0.52% radians for the first, second, and third story, 
respectively. These mean residual story drift ratios indicate yielding occurred in the 
structures under the DBE.   
Table 7.11 provides a summary of the peak floor velocities of the structures. The 
third floor (i.e., the roof) has the maximum mean peak floor velocity, which is 0.81, 0.80, 
and 0.79 m/s for the D100V, D75V, and D60V structure, respectively. The differences in 
the maximum floor velocity of each structure under the DBE are not large. Table 7.12 
provides a summary of the peak floor accelerations of the structures. The third floor has 
the maximum mean peak floor acceleration for each structure, which is 0.66g, 0.57g, and 
0.48g for the D100V, D75V, and D60V structure, respectively. The peak floor 
accelerations reduce as the design strength level of each structure is reduced.  
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Table 7.13 provides a summary of the peak base shear forces of the structures. 
The mean peak base shear force is 966, 1008, and 1068 kN for the D100V, D75V, and 
D60V structure, respectively. The ratio of the mean peak base shear force to the seismic 
weight of the test structure is 0.36, 0.28, and 0.24 for the D100V, D75V, and D60V 
structure, respectively, which indicates the base shear force in fraction of seismic weight 
is smaller for structures designed with less design strength level. 
 
7.3.3.3 Response under MCE Ground Motions 
Table 7.14 gives of the peak story drift ratios of the test structures without 
dampers under the MCE. The third story of each structure has the maximum story drift 
ratio. The mean peak story drift ratio of the third story is 3.53%, 4.29%, and 5.02% 
radians for the D100V, D75V, and D60V structure, respectively. Based on the story drift 
ratio limit of 5.0% radians specified for the “Collapse Prevention” performance level in 
ASCE 41-06, the test structures without dampers achieve the “Collapse Prevention” 
performance level under the MCE based on mean response. 
Table 7.15 gives the residual story drift ratio of the structures without dampers 
under the MCE. For the D100V structure, the mean residual story drift ratio is 0.49%, 
0.61%, and 0.65% radians for the first, second, and third story, respectively; for the 
D75V structure, the mean residual story drift is 0.87%, 1.05%, and 1.0% radians for the 
first, second, and third story, respectively; and for the D60V structure, the mean residual 
story drift ratio is 1.09%, 1.30%, and 1.31% radians for the first, second, and third story, 
respectively. These large residual story drift ratios indicate the structures yielded 
significantly under the MCE.   
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Table 7.16 and Table 7.17 provide the peak floor velocities and peak floor 
accelerations of the structures without dampers under the MCE, respectively. The 
maximum mean peak floor velocity is 1.12, 1.13, and 1.13 m/s for the D100V, D75V, 
and D60V structure, respectively. The maximum mean peak floor acceleration is 0.85g, 
0.70g, and 0.63g for the D100V, D75V, and D60V structure, respectively. The peak floor 
accelerations reduce as design strength level of the structures is reduced.  
Table 7.18 gives the peak base shear forces of the structures under the MCE. The 
mean peak base shear force is 1136, 1173, and 1247 kN for the D100V, D75V, and D60V 
structure, respectively. The ratio of the mean peak base shear force to the seismic weight 
of the test structure is 0.42, 0.33, and 0.28 for the D100V, D75V, and D60V, 
respectively, which indicates the base shear force in fraction of seismic weight is smaller 
for structures designed with less design strength level. 
 
7.3.4 Results for Test Structure with Dampers 
7.3.4.1 Response under FOE Ground Motions 
Table 7.19 gives of the peak story drift ratios of the test structures with dampers 
under the FOE. The maximum mean peak story drift ratio is 0.30%, 0.39%, and 0.49% 
radians for the D100V, D75V, and D60V structure, respectively. The reduction of the 
maximum mean peak story drift ratio by adding dampers to the structure is 75%, 70%, 
66% for the D100V, D75V, and D60V structure, respectively. Based on the story drift 
ratio limit of 0.7% radians for the “Immediate Occupancy” performance level specified in 
ASCE 41-06, all test structures with dampers achieve the “Immediate Occupancy” 
performance level under the FOE base on mean repose. Table 7.20 gives the residual 
 202
story drift ratios of the structures without dampers under the FOE. The mean residual 
story drift ratios of the structures are less than 0.01% radians, which indicates the test 
structures responded elastically under the FOE.   
Table 7.21 and Table 7.22 give the peak floor velocities and peak floor 
accelerations of the structures under the FOE. The third floor has the maximum mean 
peak floor velocity, which is 0.19, 0.20, and 0.22 m/s for the D100V, D75V, and D60V 
structure, respectively. The third floor also has the maximum mean peak floor 
acceleration, which is 0.23g, 0.21g, and 0.20g for the D100V, D75V, and D60V 
structure, respectively. The reduction of the maximum mean peak floor velocities by 
adding dampers to the structure is 64%, 59%, and 54% for the D100V, D75V, and D60V 
structure, respectively. The reduction of maximum mean peak floor accelerations by 
adding dampers to the structure is 50%, 45%, and 39% for the D100V, D75V, and D60V 
structure, respectively. 
Table 7.23 gives the peak base shear forces of the test structures. The mean peak 
base shear force is 430, 507, and 572 kN for the D100V, D75V, and D60V structure, 
respectively. The ratio of the mean peak base shear force to the seismic weight of the test 
structure  is 0.16, 0.14, and 0.13 for the D100V, D75V, and D60V, respectively, which 
indicates the base shear force in fraction of seismic weight is smaller for structures 
designed with less design strength level. The reduction of the peak base shear force by 
adding dampers to the structure is 36%, 30%, 27% for the D100V, D75V, and D60V 
structure, respectively. 
Table 7.24 gives the peak damper forces of the test structures. The D100V 
structure has mean peak damper forces of 214, 209, and 163 kN in the first, second, and 
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third story, respectively; the D75V structure has mean peak damper forces of 223, 224, 
and 191 kN in the first, second, and third story, respectively; and the D60V structure has 
mean peak damper forces of 232, 235, and 214 kN in the first, second, and third story, 
respectively. The maximum mean peak damper force of the D100V, D75V, and D60V 
structure is about 36%, 37%, and 39% of the damper nominal force capacity of 600 kN, 
respectively, under the FOE.  
 
7.3.4.2 Response under DBE Ground Motions 
Table 7.25 gives the peak story drift ratios of the test structures with dampers 
under the DBE. The maximum mean peak story drift ratio is 0.84%, 1.17%, and 1.49% 
radians for the D100V, D75V, and D60V structure, respectively. The reduction of the 
maximum peak story drift ratio by adding dampers to the structure is 62%, 54%, and 48% 
for the D100V, D75V, and D60V structure, respectively. Based on the story drift ratio 
limit of 0.7% and 2.5% radians for the “Immediate Occupancy” and  “Life Safety ” 
performance level, respectively, specified in ASCE 41-06, even the structures designed 
with a reduced strength level can achieve a seismic performance level between the 
“Immediate Occupancy” performance level and the “Life Safety” performance level 
under the DBE (based on mean response). Table 7.26 gives the residual story drift ratios 
of the test structures with dampers under the DBE. The maximum mean residual story 
drift ratio of the D100V, D75V, and D60V structure is 0.03%, 0.11%, and 0.21% radians, 
respectively.   
Table 7.27 and Table 7.28 give the peak floor velocities and peak floor 
accelerations of the test structures with dampers under the DBE. The third floor has the 
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maximum mean peak floor velocity, which is 0.42, 0.47, and 0.51 m/s for the D100V, 
D75V, and D60V structure, respectively. The third floor has the maximum mean peak 
floor acceleration, which is 0.47g, 0.47g, and 0.42g for the D100V, D75V, and D60V 
structure, respectively. The reduction of the maximum mean peak floor velocity by 
adding dampers to the structure is 48%, 41%, and 35% for the D100V, D75V, and D60V 
structure, respectively. The reduction of the maximum peak floor acceleration by adding 
dampers to the structure is 29%, 18%, and 12% for the D100V, D75V, and D60V 
structure, respectively. 
Table 7.29 gives the peak base shear forces of the test structures. The mean peak 
base shear force is 818, 928, and 1021 kN for the D100V, D75V, and D60V structure, 
respectively. The ratio of the mean peak base shear force to the seismic weight of the test 
structure  is 0.30, 0.26, and 0.23 for the D100V, D75V, and D60V, respectively, which 
indicates the base shear force in fraction of seismic weight is smaller for structures 
designed with less design strength level. The reduction of the mean peak base shear force 
by adding dampers to the structure is 15% and 8% for the D100V and D75V structure, 
respectively. The mean peak base shear force of the D60V structure with dampers is 
similar to the base shear force of the D60V structure under the DBE. 
Table 7.30 gives the peak damper forces of the test structures. The D100V 
structure has mean peak damper force of 276, 288, and 273 kN in the first, second, and 
third story, respectively; the D75V structure has mean peak damper force of 294, 288, 
and 289 kN in the first, second, and third story, respectively; and the D60V structure has 
mean peak damper force of 296, 301, and 298 kN in the first, second, and third story, 
respectively. The maximum mean damper force of the D100V, D75V, and D60V 
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structure is about 48%, 49%, and 50% of the damper nominal force capacity of 600 kN, 
respectively, under the DBE.  
 
7.3.4.3 Response under MCE Ground Motions 
Table 7.31 gives the peak story drift ratios of the test structures with dampers 
under the MCE. The maximum mean peak story drift ratio is 1.68%, 2.33%, and 2.88% 
radians for the D100V, D75V, and D60V structure, respectively. The reduction of the 
maximum mean peak story drift ratio by adding dampers to the structure is 53%, 46%, 
and 43% for the D100V, D75V, and D60V structure, respectively. Based on the story 
drift ratio limit of 2.5% radians for the “Life Safety” performance level specified in 
ASCE 41-06, the seismic performance of the structures are improved by adding dampers 
to the structures, e.g., the performance of the D60V structure can be improved from the 
“Collapse Prevention” to the “Life Safety” performance level by using the dampers in the 
test structure under the MCE.  
Table 7.32 gives the residual story drift ratios of the test structures with dampers 
under the MCE. For the D100V structure, the mean residual story drift ratio is 0.18%, 
0.24%, and 0.20% radians for the first, second, and third story, respectively; for the 
D75V structure, the mean residual story drift ratio is 0.38%, 0.47%, and 0.46% radians 
for the first, second, and third story, respectively; and for the D60V structure, the mean 
residual story drift ratio is 0.71%, 0.86%, and 0.82% radians for the first, second, and 
third story, respectively. The residual story drifts of the D75V and D60V structure 
indicate yielding occurred in the test structures under the MCE.   
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Table 7.33 and Table 7.34 give the peak floor velocities and peak floor 
accelerations of the test structures with dampers under the MCE. The third floor has the 
maximum mean peak floor velocity, which is 0.74, 0.81, and 0.86 m/s for the D100V, 
D75V, and D60V structure, respectively. The third floor also has the maximum mean 
peak floor acceleration, which is 0.76g, 0.64g, and 0.56g for the D100V, D75V, and 
D60V structure, respectively. The reduction of the maximum mean peak floor velocity by 
adding dampers to the structure is 34%, 28%, and 24% for the D100V, D75V, and D60V 
structure, respectively. The reduction of maximum mean peak floor acceleration by 
adding dampers to the structure is 11%, 9%, and 11% for the D100V, D75V, and D60V 
structure, respectively. 
Table 7.35 gives the peak base shear forces of the structures. The mean peak base 
shear force is 1146, 1278, and 1338 kN for the D100V, D75V, and D60V structure, 
respectively. The ratio of the mean peak base shear force to the seismic weight of the test 
structure  is 0.42, 0.35, and 0.30 for the D100V, D75V, and D60V, respectively, which 
indicates the base shear force in fraction of seismic weight is smaller for structures 
designed with less design strength level. The mean peak base shear force of the D100V 
structure with dampers is similar to the base shear force of the D100V structure under the 
MCE, while the mean peak base shear force of the D75V and D60V structure with 
dampers is 9% and 7% larger than the mean peak base shear of the D75V and D60V 
structure without dampers under the MCE.  
Table 7.36 gives the peak damper forces of the test structures. The D100V 
structure has mean peak damper force of 314, 321, and 325 kN in the first, second, and 
third story, respectively; the D75V structure has mean peak damper force of 350, 340, 
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and 341 kN in the first, second, and third story, respectively; and the D60V structure has 
mean peak damper force of 337, 353, and 359 kN in the first, second, and third story, 
respectively. The maximum mean peak damper force of the D100V, D75V, and D60V 
structure is about 54%, 58%, and 60% of the damper nominal force capacity of 600 kN, 
respectively, under the MCE.  
 
7.4 Summary 
This chapter presented the development of the numerical model of the test 
structure using the OpenSees program. Using the numerical model, nonlinear dynamic 
time history analyses (NDTHA) were conducted on the test structures without dampers 
and the test structures with nonlinear viscous dampers with sets of 40 ground motions at 
the FOE, DBE, and MCE hazard levels. The results from the NDTHA show that the 
D100V, D75V, and D60V structures without dampers do not achieve the “Immediate 
Occupancy” performance level under the FOE. The D100V and D75V structures without 
dampers achieve the “Life Safety” performance level under the DBE, while the D60V 
structure without dampers does not meet the “Life Safety” performance level under the 
DBE. All the test structures without dampers achieve the “Collapse Prevention” 
performance level under the MCE. Adding dampers to the structures resulted in 
substantial reductions in peak story drift ratio, residual story drift ratio, peak floor 
velocity, and peak floor acceleration. The results show that the D100V, D75V, and D60V 
structures achieve the “Immediate Occupancy” performance level under the FOE, and 
achieve a performance level between the “Immediate Occupancy” and “Life Safety” level 
under the DBE. The D100V and D75V structures also achieve the “Life Safety” 
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performance level under the MCE, while the D60V structure achieves a performance 
level between the “Life Safety” and “Collapse Prevention” performance levels under the 
MCE. 
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Table 7.1 Flexibility of DBF from static tests 
Flexibility slope 
(10-3 mm/kN) 
Force applied at 
1st floor 
Force applied at 
2nd floor 
Force applied at 
3rd floor 
1st floor 12.1 13.4 13.3 
2nd floor 13.2 25.7 27.7 
3rd floor 15.8 28.5 41.5 



Table 7.2 Flexibility of DBF from numerical model 
Flexibility slope 
(10-3 mm/kN) 
Force applied at 
1st floor 
Force applied at 
2nd floor 
Force applied at 
3rd floor 
1st floor 12.5 12.9 13.6 
2nd floor 12.9 26.0 27.5 
3rd floor 13.6 27.5 42.4 
 
 
 
Table 7.3 Difference between Table 7.1 and Table 7.2 
Flexibility slope 
difference (%) 
Force applied at 
1st floor 
Force applied at 
2nd floor 
Force applied at 
3rd floor 
1st Floor 3.3 -3.7 2.3 
2nd Floor -2.3 1.2 -0.7 
3rd Floor -1.4 -3.5 2.2 
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Table 7.4 Peak story drift ratios of test structures without dampers under FOE ground 
motions 
ID. FOE record 
D100V structure 
(% rad) 
D75V structure 
(% rad) 
D60V structure 
(% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A-235 0.94 1.49 1.64 0.92 1.22 1.18 1.23 1.44 1.89 
2 ABY000 0.86 1.07 1.12 0.96 1.26 1.41 0.92 1.24 1.38 
3 ABY090 0.87 1.17 1.20 0.79 1.10 1.17 1.27 1.68 1.71 
4 ARL360 0.75 0.92 1.09 0.62 0.96 1.13 0.80 1.03 1.32 
5 B-ICC000 0.71 1.01 1.00 1.14 1.78 1.86 1.15 1.59 1.87 
6 BOS-L1 0.60 0.84 0.82 1.03 1.21 1.23 1.08 1.45 1.81 
7 BRS000 0.84 1.21 1.30 0.84 1.14 1.27 0.94 1.24 1.37 
8 B-WSM090 0.76 1.08 1.11 0.82 1.09 1.15 0.82 1.01 1.23 
9 CHY004-N 0.91 1.23 1.20 0.89 1.17 1.42 1.01 1.21 1.27 
10 CHY046-N 0.65 0.81 0.83 0.91 1.37 1.46 0.96 1.28 1.36 
11 CHY088-E 0.55 0.96 1.21 0.70 0.93 1.06 0.80 0.92 1.21 
12 CWC270 0.79 1.05 1.04 1.00 1.38 1.45 0.83 1.07 0.98 
13 DSP090 1.07 1.34 1.24 1.03 1.40 1.41 0.94 1.35 1.39 
14 DZC270 0.65 0.84 0.98 0.92 1.23 1.36 0.88 1.35 1.45 
15 H-BRA315 0.87 1.01 1.17 0.83 1.18 1.23 0.83 1.37 1.61 
16 H-COW090 0.90 1.14 1.32 0.91 1.41 1.55 1.08 1.58 1.67 
17 HDA165 0.80 0.97 0.97 0.99 1.18 1.09 0.84 1.24 1.44 
18 H-DLT262 0.46 0.63 0.77 0.66 0.88 1.25 0.91 1.08 1.03 
19 H-DLT352 0.73 0.99 1.04 0.85 1.03 1.04 1.03 1.27 1.45 
20 H-E03140 0.73 0.97 1.30 0.77 1.28 1.53 1.01 1.45 1.77 
21 H-E12140 1.05 1.30 1.47 0.91 1.31 1.23 1.00 1.25 1.51 
22 H-ECC002 0.95 1.19 1.20 1.16 1.57 1.47 1.01 1.32 1.61 
23 HECTOR-11625090 0.85 1.13 1.04 1.00 1.29 1.25 1.01 1.39 1.38 
24 HECTOR-21081360 0.79 0.99 0.90 0.95 1.24 1.23 0.84 1.09 1.32 
25 H-HVP225 0.89 1.19 1.17 0.90 1.06 1.19 0.86 0.97 0.98 
26 HSP090 0.95 1.50 1.60 0.81 1.20 1.28 0.90 1.16 1.27 
27 PTS315 0.77 1.16 1.23 0.94 1.18 1.06 1.08 1.14 1.33 
28 SCE018 0.87 1.27 1.29 0.81 0.90 0.90 1.00 1.22 1.32 
29 SLC270. 0.95 1.40 1.49 0.93 1.36 1.40 0.95 1.30 1.28 
30 SLC360 0.74 1.02 1.33 0.63 0.81 1.10 0.76 0.85 0.93 
31 STG000 0.97 1.37 1.51 1.05 1.56 1.66 1.14 1.61 1.74 
32 TCU038-N 0.86 1.19 1.16 1.22 1.58 1.53 1.18 1.79 1.84 
33 TCU042-E 0.85 1.02 1.07 0.97 1.12 1.04 1.11 1.39 1.26 
34 TCU050-E 0.83 1.13 1.16 0.88 1.16 1.18 0.78 0.88 1.05 
35 TCU051-E 0.93 1.16 1.08 0.91 1.10 1.18 1.30 1.65 1.61 
36 TCU055-E 0.71 1.01 1.21 0.86 1.08 1.08 1.01 1.25 1.33 
37 TCU122-N 1.21 1.86 1.95 1.04 1.71 1.95 0.97 1.34 1.60 
38 W15090 0.72 0.96 1.04 0.77 0.89 1.09 0.92 1.06 1.37 
39 WVC270 1.16 1.57 1.49 1.21 1.73 1.69 1.22 1.68 1.57 
40 YER360 0.97 1.34 1.25 1.13 1.46 1.74 1.15 1.68 1.58 
Mean (µ) 0.84 1.14 1.20 0.92 1.24 1.31 0.99 1.30 1.43 
COV (σ/µ) 0.18 0.20 0.20 0.16 0.19 0.18 0.14 0.18 0.18 
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Table 7.5 Residual story drift ratios of test structures without dampers under FOE ground 
motions 
ID. FOE record 
D100V structure 
(% rad) 
D75V structure 
(% rad) 
D60V structure 
(% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A-235 0.09 0.14 0.08 0.05 0.08 0.07 0.09 0.15 0.19 
2 ABY000 0.23 0.26 0.02 0.12 0.14 0.02 0.33 0.46 0.03 
3 ABY090 0.20 0.27 0.06 0.03 0.02 0.02 0.02 0.06 0.11 
4 ARL360 0.15 0.19 0.02 0.00 0.00 0.01 0.26 0.35 0.00 
5 B-ICC000 0.02 0.03 0.00 0.14 0.26 0.28 0.23 0.38 0.22 
6 BOS-L1 0.04 0.15 0.03 0.25 0.33 0.00 0.34 0.65 0.03 
7 BRS000 0.16 0.20 0.02 0.10 0.11 0.05 0.09 0.11 0.04 
8 B-WSM090 0.07 0.10 0.01 0.37 0.50 0.04 0.08 0.12 0.03 
9 CHY004-N 0.02 0.03 0.02 0.00 0.01 0.03 0.02 0.03 0.03 
10 CHY046-N 0.09 0.12 0.01 0.02 0.03 0.00 0.05 0.06 0.01 
11 CHY088-E 0.06 0.08 0.01 0.13 0.18 0.01 0.01 0.03 0.01 
12 CWC270 0.25 0.37 0.10 0.04 0.06 0.00 0.16 0.16 0.05 
13 DSP090 0.17 0.22 0.04 0.04 0.04 0.00 0.48 0.67 0.04 
14 DZC270 0.07 0.07 0.04 0.08 0.12 0.00 0.05 0.13 0.07 
15 H-BRA315 0.05 0.06 0.03 0.06 0.10 0.07 0.04 0.06 0.01 
16 H-COW090 0.25 0.33 0.07 0.13 0.18 0.01 0.54 0.71 0.03 
17 HDA165 0.01 0.03 0.03 0.12 0.16 0.04 0.08 0.09 0.07 
18 H-DLT262 0.09 0.12 0.00 0.06 0.08 0.01 0.13 0.19 0.00 
19 H-DLT352 0.02 0.02 0.03 0.05 0.07 0.01 0.05 0.08 0.04 
20 H-E03140 0.06 0.06 0.06 0.04 0.13 0.20 0.15 0.29 0.30 
21 H-E12140 0.18 0.25 0.01 0.04 0.03 0.07 0.39 0.53 0.02 
22 H-ECC002 0.10 0.14 0.06 0.02 0.03 0.01 0.02 0.00 0.06 
23 HECTOR-11625090 0.01 0.02 0.00 0.03 0.03 0.08 0.03 0.03 0.14 
24 HECTOR-21081360 0.01 0.00 0.02 0.02 0.05 0.08 0.04 0.07 0.05 
25 H-HVP225 0.03 0.05 0.03 0.01 0.03 0.06 0.13 0.16 0.04 
26 HSP090 0.11 0.15 0.02 0.07 0.08 0.03 0.04 0.06 0.04 
27 PTS315 0.04 0.07 0.06 0.10 0.10 0.11 0.01 0.03 0.09 
28 SCE018 0.05 0.09 0.06 0.07 0.09 0.02 0.16 0.20 0.00 
29 SLC270. 0.17 0.24 0.07 0.13 0.19 0.10 0.06 0.11 0.16 
30 SLC360 0.11 0.15 0.04 0.04 0.05 0.03 0.11 0.15 0.02 
31 STG000 0.01 0.01 0.01 0.11 0.14 0.00 0.12 0.18 0.07 
32 TCU038-N 0.00 0.01 0.01 0.04 0.05 0.02 0.01 0.06 0.18 
33 TCU042-E 0.06 0.07 0.04 0.06 0.09 0.06 0.05 0.07 0.02 
34 TCU050-E 0.02 0.02 0.01 0.01 0.00 0.03 0.14 0.19 0.01 
35 TCU051-E 0.05 0.07 0.03 0.11 0.16 0.06 0.08 0.10 0.08 
36 TCU055-E 0.09 0.14 0.06 0.12 0.15 0.04 0.17 0.24 0.04 
37 TCU122-N 0.00 0.05 0.13 0.07 0.10 0.00 0.02 0.03 0.05 
38 W15090 0.22 0.29 0.01 0.07 0.09 0.02 0.17 0.22 0.01 
39 WVC270 0.05 0.08 0.01 0.09 0.13 0.06 0.02 0.00 0.11 
40 YER360 0.18 0.21 0.04 0.06 0.06 0.08 0.55 0.75 0.05 
Mean (µ) 0.09 0.12 0.03 0.08 0.11 0.05 0.14 0.20 0.06 
COV (σ/µ) 0.84 0.79 0.83 0.88 0.89 1.20 1.06 1.04 1.04 
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Table 7.6 Peak floor velocities of test structures without dampers under FOE ground 
motions 
ID. FOE record 
D100V structure 
(% rad) 
D75V structure 
(% rad) 
D60V structure 
(% rad) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 A-235 0.21 0.43 0.62 0.13 0.31 0.59 0.24 0.39 0.58 
2 ABY000 0.17 0.31 0.52 0.21 0.36 0.54 0.16 0.31 0.43 
3 ABY090 0.17 0.33 0.52 0.13 0.25 0.41 0.20 0.33 0.50 
4 ARL360 0.18 0.33 0.48 0.18 0.27 0.36 0.20 0.30 0.40 
5 B-ICC000 0.16 0.37 0.54 0.21 0.41 0.62 0.18 0.39 0.65 
6 BOS-L1 0.13 0.26 0.40 0.16 0.33 0.64 0.23 0.32 0.54 
7 BRS000 0.20 0.40 0.56 0.18 0.34 0.44 0.16 0.30 0.49 
8 B-WSM090 0.17 0.32 0.52 0.18 0.28 0.51 0.21 0.27 0.42 
9 CHY004-N 0.20 0.35 0.54 0.19 0.31 0.48 0.17 0.30 0.48 
10 CHY046-N 0.15 0.27 0.42 0.21 0.35 0.50 0.16 0.31 0.47 
11 CHY088-E 0.19 0.33 0.48 0.15 0.28 0.45 0.18 0.23 0.38 
12 CWC270 0.15 0.31 0.50 0.18 0.34 0.44 0.15 0.25 0.42 
13 DSP090 0.17 0.35 0.69 0.17 0.35 0.56 0.14 0.32 0.49 
14 DZC270 0.16 0.27 0.38 0.16 0.31 0.45 0.15 0.29 0.41 
15 H-BRA315 0.19 0.34 0.42 0.15 0.29 0.42 0.20 0.34 0.37 
16 H-COW090 0.20 0.36 0.63 0.18 0.35 0.49 0.21 0.34 0.58 
17 HDA165 0.16 0.32 0.55 0.17 0.29 0.51 0.16 0.30 0.49 
18 H-DLT262 0.12 0.22 0.32 0.21 0.30 0.34 0.16 0.23 0.41 
19 H-DLT352 0.17 0.34 0.48 0.14 0.27 0.43 0.17 0.31 0.50 
20 H-E03140 0.23 0.33 0.43 0.17 0.28 0.45 0.19 0.36 0.50 
21 H-E12140 0.20 0.38 0.62 0.21 0.29 0.42 0.21 0.35 0.42 
22 H-ECC002 0.15 0.32 0.55 0.19 0.35 0.60 0.20 0.30 0.52 
23 HECTOR-11625090 0.14 0.31 0.58 0.13 0.30 0.48 0.15 0.30 0.56 
24 HECTOR-21081360 0.16 0.27 0.44 0.18 0.27 0.43 0.18 0.25 0.42 
25 H-HVP225 0.17 0.33 0.47 0.17 0.29 0.44 0.15 0.22 0.38 
26 HSP090 0.20 0.40 0.55 0.17 0.35 0.55 0.18 0.29 0.40 
27 PTS315 0.16 0.33 0.45 0.15 0.30 0.53 0.19 0.29 0.52 
28 SCE018 0.19 0.39 0.59 0.14 0.28 0.46 0.16 0.32 0.47 
29 SLC270. 0.21 0.40 0.57 0.16 0.36 0.53 0.13 0.29 0.58 
30 SLC360 0.21 0.36 0.50 0.19 0.22 0.46 0.14 0.19 0.35 
31 STG000 0.23 0.34 0.56 0.21 0.38 0.52 0.18 0.39 0.63 
32 TCU038-N 0.21 0.34 0.55 0.20 0.32 0.52 0.17 0.33 0.51 
33 TCU042-E 0.17 0.31 0.52 0.17 0.24 0.45 0.15 0.29 0.47 
34 TCU050-E 0.16 0.34 0.53 0.19 0.28 0.50 0.16 0.24 0.37 
35 TCU051-E 0.17 0.33 0.59 0.21 0.32 0.52 0.19 0.33 0.55 
36 TCU055-E 0.21 0.32 0.53 0.14 0.29 0.43 0.20 0.27 0.48 
37 TCU122-N 0.21 0.41 0.56 0.21 0.40 0.53 0.19 0.31 0.45 
38 W15090 0.16 0.29 0.47 0.17 0.24 0.49 0.17 0.27 0.42 
39 WVC270 0.18 0.35 0.57 0.16 0.36 0.59 0.14 0.34 0.59 
40 YER360 0.16 0.33 0.48 0.23 0.39 0.56 0.17 0.35 0.52 
Mean (µ) 0.18 0.33 0.52 0.18 0.31 0.49 0.18 0.30 0.48 
COV (σ/µ) 0.15 0.13 0.14 0.15 0.15 0.14 0.15 0.15 0.16 
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Table 7.7 Peak floor accelerations of test structures without dampers under FOE ground 
motions 
ID. FOE record 
D100V structure 
(g) 
D75V structure 
(g) 
D60V structure 
(g) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 A-235 0.28 0.30 0.53 0.26 0.23 0.35 0.29 0.35 0.41 
2 ABY000 0.29 0.31 0.46 0.28 0.29 0.41 0.23 0.24 0.30 
3 ABY090 0.28 0.31 0.43 0.21 0.25 0.32 0.26 0.27 0.38 
4 ARL360 0.36 0.41 0.48 0.22 0.26 0.36 0.30 0.25 0.37 
5 B-ICC000 0.24 0.34 0.38 0.26 0.28 0.42 0.24 0.35 0.36 
6 BOS-L1 0.24 0.27 0.35 0.32 0.32 0.39 0.31 0.28 0.38 
7 BRS000 0.27 0.35 0.48 0.21 0.23 0.39 0.21 0.24 0.30 
8 B-WSM090 0.28 0.34 0.49 0.38 0.30 0.40 0.36 0.28 0.35 
9 CHY004-N 0.40 0.34 0.56 0.32 0.29 0.45 0.24 0.26 0.31 
10 CHY046-N 0.29 0.28 0.35 0.32 0.31 0.42 0.21 0.25 0.32 
11 CHY088-E 0.26 0.28 0.51 0.24 0.22 0.37 0.31 0.27 0.38 
12 CWC270 0.34 0.29 0.38 0.28 0.31 0.42 0.27 0.23 0.27 
13 DSP090 0.33 0.38 0.45 0.19 0.24 0.38 0.16 0.18 0.27 
14 DZC270 0.29 0.27 0.44 0.24 0.21 0.35 0.18 0.22 0.28 
15 H-BRA315 0.30 0.39 0.47 0.27 0.27 0.31 0.24 0.24 0.33 
16 H-COW090 0.33 0.34 0.53 0.26 0.24 0.38 0.25 0.26 0.41 
17 HDA165 0.25 0.29 0.44 0.28 0.29 0.38 0.22 0.20 0.31 
18 H-DLT262 0.22 0.19 0.33 0.34 0.28 0.44 0.30 0.22 0.33 
19 H-DLT352 0.23 0.28 0.40 0.24 0.22 0.31 0.22 0.24 0.30 
20 H-E03140 0.41 0.41 0.55 0.28 0.30 0.40 0.27 0.25 0.37 
21 H-E12140 0.35 0.37 0.50 0.29 0.28 0.42 0.32 0.28 0.35 
22 H-ECC002 0.25 0.33 0.41 0.28 0.28 0.35 0.26 0.27 0.38 
23 HECTOR-11625090 0.19 0.28 0.37 0.18 0.22 0.32 0.21 0.22 0.26 
24 HECTOR-21081360 0.30 0.27 0.44 0.26 0.26 0.39 0.27 0.26 0.32 
25 H-HVP225 0.34 0.41 0.46 0.25 0.29 0.39 0.20 0.27 0.25 
26 HSP090 0.25 0.31 0.50 0.21 0.19 0.37 0.25 0.20 0.32 
27 PTS315 0.21 0.24 0.42 0.26 0.24 0.33 0.26 0.27 0.36 
28 SCE018 0.24 0.33 0.46 0.19 0.27 0.30 0.16 0.23 0.29 
29 SLC270. 0.27 0.35 0.49 0.23 0.25 0.36 0.19 0.23 0.30 
30 SLC360 0.32 0.31 0.56 0.37 0.31 0.42 0.22 0.17 0.28 
31 STG000 0.34 0.43 0.50 0.28 0.31 0.40 0.22 0.25 0.32 
32 TCU038-N 0.38 0.35 0.56 0.32 0.29 0.40 0.23 0.26 0.33 
33 TCU042-E 0.30 0.36 0.47 0.36 0.29 0.38 0.21 0.24 0.31 
34 TCU050-E 0.22 0.28 0.41 0.24 0.25 0.40 0.24 0.23 0.30 
35 TCU051-E 0.28 0.32 0.42 0.28 0.30 0.41 0.23 0.31 0.33 
36 TCU055-E 0.35 0.31 0.56 0.24 0.22 0.32 0.31 0.23 0.38 
37 TCU122-N 0.37 0.35 0.53 0.27 0.29 0.45 0.27 0.32 0.33 
38 W15090 0.34 0.29 0.43 0.31 0.29 0.39 0.23 0.29 0.36 
39 WVC270 0.21 0.33 0.43 0.16 0.23 0.35 0.16 0.21 0.26 
40 YER360 0.20 0.29 0.42 0.32 0.31 0.47 0.25 0.24 0.29 
Mean (µ) 0.29 0.32 0.46 0.27 0.27 0.38 0.24 0.25 0.33 
COV (σ/µ) 0.20 0.16 0.14 0.19 0.13 0.11 0.19 0.15 0.13 
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Table 7.8 Peak base shear of test structures without dampers under FOE ground motions 
ID. FOE record 
D100V structure 
(kN) 
D75V structure 
(kN) 
D60V structure 
(kN) 
MRF DBF MRF+DBF MRF DBF MRF+DBF MRF DBF MRF+DBF 
1 A-235 465.9 215.9 678.8 495.5 246.9 742.3 660.8 358.5 1019.3 
2 ABY000 493.1 238.2 731.3 537.0 264.6 801.1 530.8 252.2 783.0 
3 ABY090 486.5 232.1 717.5 456.5 214.6 670.9 518.9 248.5 767.0 
4 ARL360 502.1 235.0 737.0 374.6 165.3 539.1 471.8 223.5 695.4 
5 B-ICC000 404.8 180.1 583.5 532.2 278.0 809.3 582.6 307.3 889.5 
6 BOS-L1 365.7 158.9 524.3 546.4 284.3 830.4 559.3 278.5 832.3 
7 BRS000 445.0 197.5 642.6 473.7 214.1 687.4 524.4 250.5 774.9 
8 B-WSM090 455.9 208.0 663.9 512.1 240.9 753.1 591.5 284.6 876.1 
9 CHY004-N 486.7 235.1 717.3 501.1 234.4 735.0 547.6 268.4 812.4 
10 CHY046-N 347.6 147.8 495.3 501.7 243.4 744.9 512.3 253.3 765.6 
11 CHY088-E 359.2 162.0 521.2 430.0 195.0 625.0 469.6 221.8 690.8 
12 CWC270 461.4 214.3 675.3 492.6 250.6 742.5 475.9 224.7 700.3 
13 DSP090 538.6 282.4 820.4 526.4 272.2 798.0 479.6 234.6 712.1 
14 DZC270 368.1 165.2 533.1 499.8 245.4 744.7 431.2 196.6 627.6 
15 H-BRA315 526.7 254.6 780.9 458.3 210.5 668.7 517.9 248.5 765.8 
16 H-COW090 509.3 247.8 757.1 462.5 221.8 684.2 545.9 268.3 814.2 
17 HDA165 472.2 218.8 690.9 551.6 273.2 824.6 463.6 214.7 678.1 
18 H-DLT262 284.1 128.3 412.4 407.8 196.7 604.2 499.6 247.5 747.0 
19 H-DLT352 421.7 191.9 613.5 502.4 241.8 743.9 569.7 293.8 863.2 
20 H-E03140 445.3 202.9 648.1 464.7 211.4 676.1 523.3 273.8 795.8 
21 H-E12140 512.9 245.7 757.9 474.8 212.9 686.5 624.5 314.1 937.8 
22 H-ECC002 510.4 259.7 770.0 548.0 293.5 837.5 563.8 276.4 839.2 
23 HECTOR-11625090 464.5 220.0 684.3 514.5 262.8 776.9 568.6 292.7 860.6 
24 HECTOR-21081360 448.5 209.2 657.5 493.5 247.7 740.9 508.8 241.2 750.1 
25 H-HVP225 526.5 257.7 784.0 447.0 206.0 653.0 519.5 252.7 772.1 
26 HSP090 501.4 242.6 743.3 453.4 214.0 667.3 495.2 243.1 738.2 
27 PTS315 384.4 169.5 553.9 508.0 242.9 750.6 526.1 259.8 785.9 
28 SCE018 430.0 192.6 622.5 435.1 190.1 625.1 481.2 218.3 699.5 
29 SLC270. 527.7 263.4 790.1 510.6 242.8 753.0 536.4 270.5 806.3 
30 SLC360 413.8 183.6 597.4 458.0 219.3 677.3 390.8 184.4 575.2 
31 STG000 535.5 261.8 795.6 526.6 271.6 797.7 566.9 300.1 866.9 
32 TCU038-N 438.8 205.2 642.2 468.3 217.8 684.6 466.9 224.2 691.1 
33 TCU042-E 517.7 247.2 764.5 463.4 199.4 662.8 469.8 218.3 688.1 
34 TCU050-E 457.5 217.4 674.7 498.9 239.8 738.4 467.3 214.0 681.0 
35 TCU051-E 379.5 168.3 541.8 499.8 242.3 742.0 549.5 287.2 836.7 
36 TCU055-E 440.5 201.4 641.8 475.7 231.5 707.0 476.2 230.7 705.0 
37 TCU122-N 559.2 291.4 847.7 537.8 271.5 808.4 587.4 294.5 881.5 
38 W15090 440.8 201.0 641.7 519.1 243.2 762.3 526.0 247.2 772.8 
39 WVC270 554.9 298.8 852.7 540.1 297.8 837.5 553.6 306.1 858.5 
40 YER360 393.4 162.7 555.3 546.9 271.6 817.8 531.9 269.3 801.2 
Mean (µ) 456.9 215.4 671.6 491.2 238.1 728.8 522.2 257.4 779.0 
COV (σ/µ) 0.14 0.19 0.15 0.08 0.13 0.10 0.10 0.14 0.11 
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Table 7.9 Peak story drift ratios of test structures without dampers under DBE ground 
motions 
ID. DBE record 
D100V D75V D60V 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-ICC000 1.90 2.95 3.18 1.70 2.39 2.82 1.94 2.54 2.62 
2 B-IVW360 1.51 2.06 1.93 1.69 2.48 2.56 2.09 3.23 3.46 
3 B-POE360 1.16 1.63 2.10 1.50 1.82 2.20 1.66 1.94 2.22 
4 CHY046-N 1.56 1.78 1.95 1.45 2.33 2.73 1.45 2.30 2.98 
5 CHY047-N 1.43 1.61 1.75 1.61 2.06 2.21 2.47 2.90 2.76 
6 CWC270 1.23 1.63 1.57 1.59 2.28 2.23 1.18 1.62 1.91 
7 DSP090 1.49 2.12 2.13 1.71 2.41 2.53 1.69 2.51 2.48 
8 DZC180 1.32 1.59 1.94 1.48 1.78 1.91 1.50 2.34 2.71 
9 DZC270 1.35 1.74 1.96 1.48 2.24 2.48 1.78 2.63 2.98 
10 H-BRA315 1.36 1.81 2.13 1.36 2.16 2.23 1.22 2.33 2.89 
11 HDA165 1.38 1.85 2.01 1.38 1.59 1.73 1.51 2.13 2.59 
12 H-DLT262 1.02 1.43 1.38 1.00 1.53 2.34 1.29 1.71 1.91 
13 H-DLT352 1.19 1.70 1.81 1.41 1.90 2.09 2.34 3.36 3.76 
14 H-E03140 1.26 1.90 2.05 1.71 2.34 3.12 2.03 2.58 2.65 
15 HECTOR-11625090 1.77 2.55 2.62 1.68 2.54 2.80 2.28 2.92 3.12 
16 HECTOR-21081360 1.21 1.76 1.81 1.42 2.00 1.96 1.29 1.90 2.17 
17 H-HVP225 1.81 2.17 2.16 1.76 2.38 2.51 1.94 2.37 2.23 
18 HSP090 1.39 2.28 2.48 1.14 1.69 1.89 1.38 1.99 2.06 
19 LDM334 1.60 2.24 2.24 2.04 2.59 2.51 2.17 2.81 2.97 
20 PTS315 1.37 1.87 1.87 1.74 2.18 2.20 1.90 2.32 2.51 
21 RRS318 1.56 2.09 2.43 1.77 2.22 2.32 1.78 2.11 2.28 
22 SCE018 1.34 1.52 1.62 1.51 1.73 1.95 1.89 2.77 2.71 
23 SCE288 2.00 3.07 3.45 2.45 3.24 3.56 2.49 3.97 4.62 
24 SLC270 1.71 2.23 2.43 1.78 2.43 2.72 2.31 2.82 2.94 
25 SLC360 1.29 1.61 1.73 1.22 1.49 1.97 1.18 1.53 1.85 
26 TCU038-N 1.31 1.76 2.00 2.00 2.82 3.09 1.83 3.04 3.45 
27 TCU042-E 1.35 1.76 1.91 1.56 1.85 1.85 1.52 1.85 1.86 
28 TCU042-N 1.39 2.09 2.24 1.84 2.17 1.97 1.97 2.55 2.67 
29 TCU050-E 1.34 1.73 1.70 1.16 1.68 1.87 1.62 1.96 2.28 
30 TCU051-E 1.82 2.39 2.13 2.62 3.27 3.07 2.09 2.95 3.34 
31 TCU055-E 1.52 2.26 2.32 1.37 1.94 1.84 1.89 2.66 2.87 
32 TCU055-N 1.29 2.08 2.31 1.34 2.16 2.61 1.85 2.58 2.71 
33 TCU056-E 1.37 1.71 1.69 2.06 2.90 2.97 2.33 3.71 4.27 
34 TCU056-N 1.26 1.57 1.77 1.23 1.96 2.47 1.89 2.42 2.70 
35 TCU122-E 1.33 2.07 2.21 1.44 2.53 2.84 1.65 2.35 2.70 
36 TCU122-N 2.61 3.76 4.08 2.27 3.37 3.91 2.97 4.44 5.30 
37 WVC000 1.68 2.30 2.40 1.83 2.55 2.70 2.37 3.15 2.92 
38 WVC270 2.08 2.88 2.80 1.97 2.87 2.83 1.96 2.53 3.06 
39 YER270 1.76 2.62 2.73 3.07 4.27 4.36 2.80 4.00 4.10 
40 YER360 1.80 2.54 2.57 1.82 2.38 2.66 1.93 2.74 2.61 
Mean (µ) 1.50 2.07 2.19 1.68 2.31 2.52 1.89 2.61 2.86 
COV (σ/µ) 0.20 0.24 0.24 0.24 0.24 0.23 0.23 0.25 0.26 
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Table 7.10 Residual story drift ratios of test structures without dampers under DBE 
ground motions 
ID. DBE record D100V D75V D60V 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-ICC000 0.50 0.77 0.94 0.29 0.52 0.77 0.58 0.76 0.46 
2 B-IVW360 0.02 0.05 0.02 0.49 0.76 0.54 0.54 0.75 0.95 
3 B-POE360 0.24 0.46 0.14 0.19 0.40 0.26 0.33 0.22 0.27 
4 CHY046-N 0.36 0.41 0.11 0.06 0.16 0.38 0.07 0.18 0.35 
5 CHY047-N 0.03 0.02 0.01 0.09 0.11 0.16 0.07 0.20 0.28 
6 CWC270 0.46 0.65 0.14 0.07 0.13 0.10 0.00 0.09 0.27 
7 DSP090 0.15 0.24 0.19 0.42 0.50 0.35 0.32 0.41 0.43 
8 DZC180 0.05 0.09 0.05 0.42 0.59 0.13 0.58 0.86 0.74 
9 DZC270 0.07 0.03 0.02 0.08 0.11 0.18 0.65 1.01 0.48 
10 H-BRA315 0.11 0.16 0.23 0.24 0.39 0.30 0.37 0.59 0.22 
11 HDA165 0.16 0.23 0.22 0.32 0.39 0.08 0.13 0.18 0.04 
12 H-DLT262 0.11 0.14 0.02 0.04 0.01 0.17 0.11 0.16 0.13 
13 H-DLT352 0.07 0.10 0.05 0.02 0.00 0.21 0.52 0.59 0.59 
14 H-E03140 0.15 0.25 0.16 0.30 0.48 0.68 0.31 0.43 0.36 
15 HECTOR-11625090 0.34 0.44 0.35 0.10 0.16 0.53 0.33 0.50 1.04 
16 HECTOR-21081360 0.10 0.13 0.13 0.01 0.01 0.11 0.25 0.29 0.13 
17 H-HVP225 0.18 0.23 0.02 0.22 0.33 0.34 0.43 0.51 0.45 
18 HSP090 0.05 0.03 0.35 0.18 0.25 0.05 0.25 0.32 0.16 
19 LDM334 0.22 0.23 0.01 0.34 0.43 0.46 0.34 0.43 0.84 
20 PTS315 0.18 0.24 0.13 0.22 0.30 0.00 0.28 0.39 0.32 
21 RRS318 0.25 0.27 0.24 0.12 0.14 0.25 0.02 0.07 0.34 
22 SCE018 0.11 0.12 0.05 0.26 0.33 0.22 0.06 0.15 0.05 
23 SCE288 0.55 0.79 0.91 0.78 0.99 1.31 1.16 1.73 2.07 
24 SLC270 0.36 0.39 0.06 0.09 0.07 0.30 0.91 1.09 0.79 
25 SLC360 0.00 0.03 0.05 0.17 0.30 0.23 0.10 0.15 0.14 
26 TCU038-N 0.08 0.09 0.04 0.62 0.89 0.95 0.51 0.86 1.06 
27 TCU042-E 0.15 0.23 0.16 0.04 0.08 0.09 0.16 0.21 0.04 
28 TCU042-N 0.11 0.12 0.17 0.31 0.31 0.25 0.09 0.09 0.08 
29 TCU050-E 0.09 0.09 0.04 0.01 0.02 0.05 0.16 0.16 0.04 
30 TCU051-E 0.39 0.48 0.30 0.77 0.90 0.75 0.37 0.51 0.32 
31 TCU055-E 0.39 0.56 0.37 0.02 0.05 0.00 0.60 0.76 0.46 
32 TCU055-N 0.23 0.31 0.07 0.06 0.05 0.14 0.24 0.34 0.43 
33 TCU056-E 0.08 0.09 0.07 0.23 0.31 0.46 0.64 0.87 0.90 
34 TCU056-N 0.07 0.10 0.07 0.12 0.20 0.07 0.39 0.41 0.17 
35 TCU122-E 0.12 0.17 0.01 0.06 0.19 0.42 0.40 0.50 0.24 
36 TCU122-N 1.06 1.34 1.41 0.65 0.91 1.23 1.40 1.91 2.17 
37 WVC000 0.18 0.25 0.28 0.12 0.09 0.12 0.63 0.86 0.73 
38 WVC270 0.25 0.32 0.42 0.49 0.67 0.54 0.57 0.74 0.51 
39 YER270 0.10 0.13 0.27 1.61 1.95 1.56 1.39 1.75 1.33 
40 YER360 0.15 0.27 0.07 0.06 0.14 0.17 0.31 0.41 0.25 
Mean (µ) 0.21 0.28 0.21 0.27 0.37 0.37 0.41 0.56 0.52 
COV (σ /µ) 0.94 0.94 1.37 1.13 1.03 0.98 0.81 0.80 0.95 
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Table 7.11 Peak floor velocities of test structures without dampers under DBE ground 
motions 
ID. DBE record 
D100V D75V D60V 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-ICC000 0.31 0.60 0.91 0.25 0.68 1.11 0.28 0.64 1.08 
2 B-IVW360 0.27 0.55 0.84 0.30 0.50 0.74 0.25 0.51 0.71 
3 B-POE360 0.38 0.66 0.75 0.33 0.50 0.80 0.40 0.47 0.69 
4 CHY046-N 0.24 0.48 0.87 0.33 0.51 0.86 0.29 0.56 0.83 
5 CHY047-N 0.28 0.54 0.69 0.29 0.53 0.77 0.32 0.51 0.90 
6 CWC270 0.31 0.43 0.74 0.28 0.47 0.66 0.23 0.39 0.71 
7 DSP090 0.29 0.47 0.93 0.27 0.49 0.90 0.18 0.42 0.75 
8 DZC180 0.29 0.60 1.01 0.37 0.58 0.78 0.29 0.46 0.61 
9 DZC270 0.30 0.53 0.70 0.23 0.46 0.66 0.24 0.51 0.77 
10 H-BRA315 0.34 0.56 0.67 0.29 0.53 0.64 0.36 0.58 0.73 
11 HDA165 0.25 0.45 0.76 0.25 0.42 0.71 0.22 0.40 0.70 
12 H-DLT262 0.24 0.42 0.56 0.34 0.44 0.69 0.27 0.43 0.60 
13 H-DLT352 0.24 0.48 0.76 0.23 0.46 0.75 0.28 0.50 0.67 
14 H-E03140 0.35 0.53 0.65 0.33 0.60 0.95 0.28 0.59 0.95 
15 HECTOR-11625090 0.20 0.51 0.83 0.21 0.49 0.92 0.23 0.47 0.87 
16 HECTOR-21081360 0.25 0.50 0.68 0.29 0.41 0.72 0.28 0.39 0.67 
17 H-HVP225 0.34 0.48 0.96 0.22 0.43 0.81 0.24 0.36 0.79 
18 HSP090 0.27 0.60 0.92 0.23 0.48 0.84 0.24 0.38 0.81 
19 LDM334 0.34 0.53 0.83 0.30 0.53 0.87 0.25 0.51 0.85 
20 PTS315 0.23 0.55 0.84 0.25 0.46 0.85 0.28 0.46 0.86 
21 RRS318 0.36 0.55 0.77 0.34 0.51 0.79 0.32 0.49 0.62 
22 SCE018 0.28 0.56 0.95 0.27 0.52 0.80 0.24 0.47 0.80 
23 SCE288 0.28 0.58 0.84 0.29 0.60 0.78 0.25 0.68 1.03 
24 SLC270 0.28 0.63 0.89 0.27 0.51 0.90 0.23 0.44 0.88 
25 SLC360 0.28 0.46 0.74 0.35 0.43 0.66 0.26 0.35 0.61 
26 TCU038-N 0.37 0.50 0.81 0.32 0.50 0.74 0.29 0.54 0.85 
27 TCU042-E 0.32 0.45 0.78 0.28 0.37 0.69 0.25 0.46 0.65 
28 TCU042-N 0.26 0.54 0.79 0.27 0.46 0.93 0.23 0.41 0.88 
29 TCU050-E 0.26 0.47 0.80 0.29 0.46 0.61 0.25 0.40 0.61 
30 TCU051-E 0.26 0.46 0.84 0.33 0.50 0.89 0.30 0.52 0.85 
31 TCU055-E 0.28 0.53 0.80 0.26 0.41 0.80 0.34 0.39 0.63 
32 TCU055-N 0.29 0.48 0.77 0.27 0.54 0.84 0.27 0.51 0.83 
33 TCU056-E 0.25 0.46 0.79 0.26 0.49 0.68 0.33 0.48 0.71 
34 TCU056-N 0.24 0.40 0.86 0.28 0.44 0.66 0.25 0.42 0.68 
35 TCU122-E 0.28 0.53 0.78 0.29 0.50 0.74 0.29 0.51 0.75 
36 TCU122-N 0.30 0.64 0.89 0.32 0.62 0.80 0.34 0.64 1.01 
37 WVC000 0.29 0.51 0.84 0.28 0.54 0.78 0.27 0.55 0.79 
38 WVC270 0.28 0.58 0.95 0.24 0.55 0.91 0.28 0.56 0.84 
39 YER270 0.30 0.61 0.90 0.28 0.67 1.05 0.27 0.60 1.12 
40 YER360 0.27 0.57 0.83 0.35 0.54 0.87 0.24 0.50 0.79 
Mean (µ) 0.29 0.52 0.81 0.29 0.50 0.80 0.27 0.49 0.79 
COV (σ /µ) 0.14 0.12 0.12 0.14 0.13 0.14 0.16 0.17 0.17 
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Table 7.12 Peak floor accelerations of test structures without dampers under DBE ground 
motions 
ID. DBE record 
D100V D75V D60V 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-ICC000 0.51 0.52 0.68 0.47 0.49 0.57 0.51 0.50 0.56 
2 B-IVW360 0.59 0.48 0.70 0.46 0.42 0.56 0.39 0.30 0.40 
3 B-POE360 0.70 0.63 0.87 0.63 0.55 0.69 0.61 0.71 0.66 
4 CHY046-N 0.58 0.50 0.67 0.60 0.50 0.65 0.47 0.41 0.50 
5 CHY047-N 0.43 0.54 0.61 0.41 0.43 0.50 0.51 0.42 0.49 
6 CWC270 0.65 0.68 0.72 0.49 0.48 0.65 0.50 0.44 0.42 
7 DSP090 0.62 0.57 0.67 0.37 0.39 0.52 0.33 0.28 0.35 
8 DZC180 0.55 0.49 0.78 0.50 0.52 0.68 0.49 0.45 0.48 
9 DZC270 0.58 0.49 0.68 0.41 0.38 0.52 0.41 0.43 0.41 
10 H-BRA315 0.44 0.61 0.64 0.57 0.47 0.46 0.52 0.39 0.44 
11 HDA165 0.51 0.42 0.61 0.49 0.38 0.50 0.40 0.31 0.43 
12 H-DLT262 0.48 0.36 0.53 0.59 0.50 0.64 0.54 0.41 0.60 
13 H-DLT352 0.40 0.38 0.54 0.44 0.35 0.51 0.39 0.32 0.45 
14 H-E03140 0.63 0.54 0.73 0.50 0.48 0.65 0.46 0.49 0.48 
15 HECTOR-11625090 0.31 0.39 0.62 0.34 0.33 0.50 0.40 0.33 0.44 
16 HECTOR-21081360 0.65 0.54 0.62 0.46 0.47 0.53 0.45 0.39 0.45 
17 H-HVP225 0.66 0.56 0.81 0.40 0.43 0.46 0.37 0.37 0.46 
18 HSP090 0.36 0.41 0.60 0.46 0.35 0.49 0.51 0.35 0.54 
19 LDM334 0.51 0.54 0.69 0.46 0.42 0.59 0.36 0.37 0.42 
20 PTS315 0.39 0.43 0.54 0.52 0.37 0.63 0.40 0.37 0.52 
21 RRS318 0.56 0.54 0.75 0.45 0.46 0.57 0.36 0.37 0.47 
22 SCE018 0.48 0.48 0.68 0.40 0.43 0.51 0.35 0.39 0.45 
23 SCE288 0.45 0.48 0.67 0.33 0.41 0.58 0.41 0.46 0.47 
24 SLC270 0.41 0.50 0.60 0.34 0.43 0.50 0.40 0.37 0.47 
25 SLC360 0.56 0.48 0.74 0.55 0.48 0.68 0.44 0.32 0.50 
26 TCU038-N 0.58 0.55 0.75 0.56 0.50 0.64 0.41 0.43 0.52 
27 TCU042-E 0.66 0.59 0.77 0.62 0.45 0.61 0.38 0.37 0.46 
28 TCU042-N 0.45 0.45 0.63 0.42 0.38 0.50 0.47 0.32 0.49 
29 TCU050-E 0.42 0.40 0.63 0.46 0.43 0.60 0.55 0.43 0.53 
30 TCU051-E 0.57 0.47 0.65 0.54 0.45 0.61 0.44 0.37 0.49 
31 TCU055-E 0.49 0.47 0.67 0.51 0.46 0.55 0.59 0.49 0.58 
32 TCU055-N 0.53 0.50 0.66 0.43 0.42 0.53 0.42 0.38 0.47 
33 TCU056-E 0.40 0.46 0.55 0.52 0.39 0.58 0.50 0.43 0.57 
34 TCU056-N 0.48 0.45 0.66 0.49 0.44 0.65 0.39 0.33 0.46 
35 TCU122-E 0.54 0.61 0.67 0.65 0.47 0.64 0.54 0.38 0.51 
36 TCU122-N 0.52 0.58 0.66 0.49 0.48 0.56 0.47 0.51 0.52 
37 WVC000 0.50 0.48 0.65 0.39 0.37 0.49 0.28 0.30 0.42 
38 WVC270 0.40 0.36 0.66 0.28 0.31 0.45 0.31 0.31 0.47 
39 YER270 0.42 0.40 0.54 0.35 0.35 0.49 0.33 0.27 0.42 
40 YER360 0.47 0.41 0.56 0.64 0.49 0.67 0.50 0.37 0.51 
Mean (µ) 0.51 0.49 0.66 0.47 0.43 0.57 0.44 0.39 0.48 
COV (σ /µ) 0.18 0.16 0.12 0.19 0.13 0.12 0.17 0.20 0.12 
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Table 7.13 Peak base shear of test structures without dampers under DBE ground motions 
ID. DBE record 
D100V D75V D60V 
MRF DBF MRF+DBF MRF DBF MRF+DBF MRF DBF MRF+DBF 
1 B-ICC000 612.8 406.1 992.9 645.0 417.8 1061.5 735.5 511.0 1246.3 
2 B-IVW360 629.3 362.9 947.4 672.4 355.0 1015.2 643.1 429.5 1064.8 
3 B-POE360 633.7 333.5 966.2 712.5 376.4 1088.7 719.0 372.0 1090.4 
4 CHY046-N 672.2 433.3 1102.7 594.6 356.7 951.3 644.9 366.9 971.4 
5 CHY047-N 645.6 388.8 1034.0 694.4 461.8 1154.1 674.9 493.6 1164.2 
6 CWC270 632.0 310.7 935.3 576.5 363.4 934.7 555.1 279.5 824.3 
7 DSP090 630.2 381.2 994.2 627.0 411.4 1031.8 577.0 371.0 945.3 
8 DZC180 652.3 308.4 960.2 692.3 315.5 1006.8 613.2 309.3 922.2 
9 DZC270 639.0 373.9 1011.0 620.6 346.2 965.8 662.9 351.9 1013.3 
10 H-BRA315 661.8 391.8 1051.1 603.5 302.8 903.3 681.2 346.4 1025.9 
11 HDA165 628.2 333.3 961.5 659.7 366.0 1023.3 583.8 361.3 945.1 
12 H-DLT262 487.6 224.8 712.3 641.7 323.2 964.9 657.4 379.3 1036.4 
13 H-DLT352 565.1 307.0 871.8 675.1 390.2 1061.9 686.2 396.9 1077.5 
14 H-E03140 618.6 316.3 908.0 641.4 432.2 1072.5 726.3 532.2 1258.5 
15 HECTOR-11625090 605.5 400.1 1000.9 622.3 402.3 1021.2 712.9 521.9 1233.4 
16 HECTOR-21081360 577.2 309.4 884.2 639.5 355.6 956.9 671.5 350.0 1021.3 
17 H-HVP225 652.0 455.7 1107.7 616.8 418.6 1035.1 670.3 484.7 1155.0 
18 HSP090 581.1 291.3 869.1 533.1 267.1 800.1 705.2 367.4 1049.0 
19 LDM334 638.0 286.0 904.8 647.1 300.5 947.6 609.0 242.0 793.4 
20 PTS315 593.1 344.9 936.3 655.5 455.9 1110.5 679.9 474.4 1127.8 
21 RRS318 639.2 389.4 1003.0 696.2 459.5 1155.1 675.9 471.9 1136.8 
22 SCE018 605.2 309.2 913.4 608.2 353.0 960.3 603.1 405.7 984.6 
23 SCE288 645.8 447.7 1086.0 668.7 498.4 1166.9 636.3 452.3 1064.6 
24 SLC270 672.4 453.6 1124.3 686.2 485.2 1169.9 722.0 540.2 1262.2 
25 SLC360 551.5 226.0 769.4 564.0 250.2 803.7 670.2 339.1 1009.3 
26 TCU038-N 671.5 357.6 1026.7 666.5 336.0 1002.5 704.7 378.2 1081.5 
27 TCU042-E 659.6 320.8 977.8 678.6 382.3 1060.8 635.6 385.7 1010.1 
28 TCU042-N 612.9 333.9 942.6 657.6 471.0 1128.1 688.2 462.6 1149.0 
29 TCU050-E 621.5 363.3 983.9 612.1 307.4 919.5 759.1 455.5 1214.7 
30 TCU051-E 607.3 311.8 899.0 634.4 327.7 949.6 716.3 475.3 1185.3 
31 TCU055-E 618.7 314.5 921.4 609.2 315.6 916.6 712.4 331.8 987.4 
32 TCU055-N 648.6 369.5 1016.5 669.6 353.0 1021.5 642.3 359.6 976.8 
33 TCU056-E 578.5 303.4 880.2 607.1 309.2 916.3 689.8 358.1 1022.1 
34 TCU056-N 576.1 298.6 873.9 617.9 335.5 950.3 679.5 473.7 1151.9 
35 TCU122-E 648.0 344.0 990.9 634.6 373.5 1007.7 705.9 473.1 1177.2 
36 TCU122-N 654.3 476.3 1124.7 669.4 486.1 1146.7 742.7 522.9 1235.2 
37 WVC000 646.4 352.1 998.0 619.3 331.4 948.7 588.7 320.2 905.1 
38 WVC270 601.7 440.9 1041.9 574.2 410.1 976.7 631.7 464.8 1096.5 
39 YER270 648.6 395.0 1023.9 630.0 451.7 1064.0 592.5 433.6 1013.2 
40 YER360 614.3 277.6 890.7 610.5 357.0 951.3 719.2 382.3 1090.9 
Mean (µ) 621.9 351.1 966.0 637.1 375.3 1008.1 668.1 410.7 1068.0 
COV (σ /µ) 0.06 0.17 0.09 0.06 0.17 0.09 0.08 0.18 0.11 
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Table 7.14 Peak story drift ratios of test structures without dampers under MCE ground 
motions 
ID. MCE Record 
D100V D75V D60V 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-IVW360 2.11 2.88 2.75 2.83 3.90 4.17 3.25 4.11 4.28 
2 B-POE360 1.55 2.10 2.70 1.90 2.32 3.27 2.10 2.77 2.68 
3 CHY046-N 2.77 3.41 3.91 2.37 3.14 3.92 1.91 3.30 4.42 
4 CWC270 1.75 2.44 2.33 2.20 3.15 3.17 1.72 2.43 2.83 
5 DSP090 2.33 3.08 3.33 2.16 3.39 3.51 2.77 3.96 4.26 
6 DZC180 2.40 2.98 2.83 2.60 3.40 3.54 2.47 4.35 4.96 
7 DZC270 2.10 2.52 2.73 3.04 4.08 4.37 3.10 4.22 4.62 
8 H-BRA315 2.19 2.86 2.94 2.04 3.28 3.52 2.40 4.13 5.53 
9 HDA165 2.08 2.47 2.55 2.33 3.05 3.16 3.69 4.66 5.25 
10 H-DLT262 1.51 2.12 2.04 1.45 1.97 2.92 1.92 2.80 2.94 
11 H-DLT352 2.06 2.92 3.34 3.90 4.75 4.96 3.46 4.69 5.48 
12 H-E03140 1.99 3.01 3.64 2.59 3.68 3.77 3.57 4.95 5.42 
13 H-ECC002 3.12 4.13 4.26 3.48 4.67 5.05 3.58 5.14 5.81 
14 H-ECC092 2.96 4.11 4.13 4.76 5.72 5.56 5.43 6.38 6.69 
15 HECTOR-21081090 2.00 2.85 2.97 2.61 3.75 4.02 3.56 5.01 5.47 
16 HECTOR-22170090 3.42 5.22 6.02 3.01 5.12 6.20 2.85 5.11 6.29 
17 H-HVP225 2.66 3.23 3.04 3.34 4.22 4.40 3.40 4.19 4.18 
18 H-HVP315 2.53 2.98 3.56 3.61 4.44 4.28 5.28 6.38 6.60 
19 HSP000 2.36 2.97 2.95 2.44 3.09 3.10 2.86 3.31 3.41 
20 HSP090 1.84 3.08 3.42 1.55 2.40 3.06 2.33 3.40 4.34 
21 JOS090 2.10 2.85 2.90 2.52 4.24 4.92 2.97 4.53 5.48 
22 NORTHR-5082-235 2.76 3.82 4.04 3.28 3.97 4.56 3.33 5.19 6.06 
23 PTS315 2.16 3.12 3.23 2.72 3.38 3.41 2.89 3.69 4.05 
24 RRS318 2.38 2.99 3.83 2.80 3.49 3.63 3.84 4.43 4.40 
25 SCE018 1.87 2.40 2.46 3.09 3.98 3.77 3.42 4.81 5.17 
26 SCE288 3.25 4.77 5.63 3.89 5.55 6.47 3.45 4.64 4.59 
27 STG000 2.03 2.81 3.60 2.97 3.81 4.18 2.31 3.74 4.29 
28 STG090 2.50 3.21 3.91 2.51 3.31 3.79 4.20 5.30 5.47 
29 TCU038-N 2.36 3.35 3.55 2.87 4.43 5.00 3.19 4.77 5.52 
30 TCU042-E 1.68 2.36 2.63 2.30 2.83 2.96 2.15 2.65 3.19 
31 TCU051-E 3.29 4.18 4.18 4.38 5.28 6.12 4.09 5.28 5.60 
32 TCU055-N 1.95 3.20 3.76 2.66 3.70 4.05 6.42 8.03 8.26 
33 TCU056-E 2.53 3.77 4.04 4.39 5.71 6.09 4.28 6.12 6.74 
34 TCU056-N 1.77 2.36 2.68 2.68 3.50 4.47 3.51 4.07 4.46 
35 TCU122-E 2.23 2.96 3.02 2.02 3.01 3.51 3.48 4.34 4.97 
36 WPI316 3.10 4.42 4.75 3.09 4.79 5.52 3.63 4.98 6.68 
37 WVC000 2.72 3.51 3.80 3.45 4.51 4.33 4.18 5.27 5.85 
38 WVC270 3.30 4.43 4.40 3.09 4.17 4.37 2.63 3.42 3.79 
39 YER270 4.42 5.70 5.75 5.00 6.15 6.33 4.53 5.69 6.13 
40 YER360 2.77 3.50 3.49 2.77 3.74 4.07 3.10 4.30 4.58 
Mean (µ) 2.42 3.28 3.53 2.92 3.93 4.29 3.33 4.51 5.02 
COV (σ/ µ) 0.25 0.2550 0.26 0.28 0.24 0.23 0.30 0.25 0.24 
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Table 7.15 Residual story drift ratios of test structures without dampers under MCE 
ground motions 
ID. MCE record 
D100V structure 
(% rad) 
D75V structure 
(% rad) 
D60V structure 
(% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-IVW360 0.26 0.33 0.41 1.44 1.86 1.44 1.48 1.76 1.82 
2 B-POE360 0.51 0.73 0.46 0.12 0.28 0.40 0.44 0.37 0.33 
3 CHY046-N 1.06 1.27 1.06 0.41 0.54 0.83 0.09 0.09 0.19 
4 CWC270 0.14 0.28 0.16 0.21 0.34 0.41 0.45 0.71 0.22 
5 DSP090 0.77 0.95 0.74 0.43 0.49 0.55 0.43 0.47 1.36 
6 DZC180 0.99 1.35 0.97 1.59 2.13 1.61 1.32 1.83 1.86 
7 DZC270 0.32 0.39 0.31 0.72 0.81 0.75 0.99 1.29 1.01 
8 H-BRA315 0.02 0.03 0.07 0.26 0.42 0.28 0.21 0.25 0.39 
9 HDA165 0.14 0.24 0.43 0.78 1.03 0.56 0.92 1.06 1.07 
10 H-DLT262 0.06 0.08 0.21 0.02 0.04 0.02 0.25 0.38 0.40 
11 H-DLT352 0.13 0.10 0.07 1.38 1.50 1.23 0.43 0.45 0.42 
12 H-E03140 0.25 0.45 0.89 0.01 0.14 0.00 0.82 1.02 0.98 
13 H-ECC002 0.14 0.12 0.34 0.86 0.91 1.13 1.80 2.13 1.69 
14 H-ECC092 0.16 0.11 0.35 2.22 2.38 2.12 2.92 3.20 3.48 
15 HECTOR-21081090 0.04 0.13 0.38 0.50 0.60 0.53 0.17 0.04 0.04 
16 HECTOR-22170090 1.58 1.99 1.93 0.92 1.25 1.55 0.94 1.47 1.96 
17 H-HVP225 0.15 0.24 0.08 1.08 1.27 1.28 0.07 0.05 0.19 
18 H-HVP315 0.75 0.91 0.83 1.64 1.89 1.86 2.32 2.34 2.57 
19 HSP000 0.34 0.36 0.13 0.07 0.03 0.01 0.64 0.88 0.85 
20 HSP090 0.08 0.20 0.78 0.20 0.26 0.01 0.36 0.57 0.19 
21 JOS090 0.29 0.49 0.42 0.04 0.19 0.23 0.33 0.23 0.24 
22 NORTHR-5082-235 0.94 1.24 1.36 1.41 1.63 1.58 1.53 1.84 1.98 
23 PTS315 0.10 0.08 0.20 0.38 0.39 0.05 0.70 0.74 0.44 
24 RRS318 1.00 1.18 0.73 0.81 0.94 1.31 1.74 1.88 2.51 
25 SCE018 0.25 0.27 0.11 0.19 0.14 0.26 1.45 1.78 1.59 
26 SCE288 1.54 1.90 2.22 2.30 2.91 3.49 0.33 0.19 0.60 
27 STG000 0.08 0.13 0.35 0.47 0.42 0.66 0.85 1.13 1.07 
28 STG090 0.72 0.99 0.99 0.87 1.07 0.41 0.93 1.16 0.63 
29 TCU038-N 0.60 0.69 0.78 1.61 2.21 2.36 1.73 2.24 2.41 
30 TCU042-E 0.15 0.12 0.06 0.20 0.18 0.18 0.26 0.35 0.15 
31 TCU051-E 1.16 1.29 1.17 1.78 1.92 1.68 0.02 0.30 0.19 
32 TCU055-N 0.08 0.09 0.02 0.50 0.60 0.84 4.42 4.87 4.98 
33 TCU056-E 0.60 0.74 0.78 2.33 2.71 2.89 2.78 3.28 3.32 
34 TCU056-N 0.02 0.02 0.04 0.35 0.47 0.23 0.79 1.19 1.19 
35 TCU122-E 0.10 0.09 0.31 0.05 0.13 0.32 1.93 2.29 2.04 
36 WPI316 1.21 1.46 1.68 1.55 1.96 1.57 0.59 0.54 1.03 
37 WVC000 0.41 0.43 0.70 1.20 1.35 1.40 2.45 3.01 2.98 
38 WVC270 0.82 0.91 1.08 1.11 1.24 0.91 0.31 0.38 0.04 
39 YER270 1.91 2.06 2.41 2.88 3.15 2.92 2.86 3.35 3.01 
40 YER360 0.02 0.08 0.42 0.62 0.70 0.40 0.94 1.07 1.11 
Mean (µ) 0.49 0.61 0.65 0.87 1.05 1.00 1.09 1.30 1.31 
COV (σ/ µ) 1.00 0.96 0.91 0.85 0.82 0.87 0.89 0.85 0.87 
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Table 7.16 Peak floor velocities of test structures without dampers under MCE ground 
motions 
ID. MCE 
D100V structure 
(m/s) 
D75V structure 
(m/s) 
D60V structure 
(m/s) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-IVW360 0.36 0.74 1.12 0.39 0.70 1.10 0.33 0.71 1.22 
2 B-POE360 0.53 0.94 1.02 0.45 0.77 1.01 0.54 0.72 1.00 
3 CHY046-N 0.37 0.64 0.99 0.40 0.75 1.20 0.40 0.83 1.21 
4 CWC270 0.44 0.62 0.99 0.41 0.62 0.87 0.31 0.51 0.89 
5 DSP090 0.44 0.65 1.27 0.38 0.63 1.23 0.27 0.59 1.18 
6 DZC180 0.41 0.80 1.29 0.44 0.69 0.95 0.45 0.62 1.01 
7 DZC270 0.39 0.71 1.02 0.35 0.69 1.09 0.36 0.79 1.02 
8 H-BRA315 0.48 0.76 0.84 0.43 0.76 1.03 0.44 0.72 1.18 
9 HDA165 0.35 0.65 1.11 0.31 0.62 1.12 0.31 0.70 1.31 
10 H-DLT262 0.32 0.59 0.88 0.42 0.51 0.95 0.39 0.59 0.89 
11 H-DLT352 0.31 0.64 1.06 0.34 0.59 0.99 0.39 0.70 0.92 
12 H-E03140 0.46 0.74 1.07 0.44 0.88 1.41 0.44 0.62 1.25 
13 H-ECC002 0.32 0.74 1.12 0.39 0.63 1.07 0.41 0.62 1.04 
14 H-ECC092 0.32 0.80 1.28 0.36 0.92 1.47 0.36 0.85 1.50 
15 HECTOR-21081090 0.50 0.64 1.00 0.40 0.60 1.03 0.52 0.76 1.33 
16 HECTOR-22170090 0.45 0.93 1.34 0.39 0.94 1.49 0.34 0.85 1.46 
17 H-HVP225 0.51 0.67 1.32 0.30 0.65 1.21 0.34 0.51 1.20 
18 H-HVP315 0.43 0.76 1.00 0.46 0.74 1.12 0.41 0.71 1.11 
19 HSP000 0.30 0.82 1.35 0.30 0.74 1.33 0.34 0.67 1.22 
20 HSP090 0.34 0.77 1.24 0.32 0.62 1.18 0.35 0.55 1.20 
21 JOS090 0.33 0.77 1.07 0.33 0.72 1.15 0.39 0.85 1.32 
22 NORTHR-5082-235 0.38 0.75 1.09 0.47 0.73 0.90 0.44 0.72 1.23 
23 PTS315 0.37 0.69 1.12 0.36 0.59 1.14 0.36 0.57 1.22 
24 RRS318 0.45 0.74 1.14 0.49 0.77 1.03 0.42 0.70 1.07 
25 SCE018 0.38 0.76 1.26 0.38 0.73 1.11 0.32 0.58 0.85 
26 SCE288 0.42 0.86 1.25 0.47 1.00 1.41 0.37 0.99 1.46 
27 STG000 0.47 1.04 1.26 0.39 0.81 1.28 0.39 0.70 1.21 
28 STG090 0.58 0.85 1.04 0.53 0.80 1.00 0.63 0.61 1.04 
29 TCU038-N 0.50 0.65 1.03 0.42 0.72 1.09 0.38 0.76 1.21 
30 TCU042-E 0.43 0.60 1.12 0.36 0.54 0.89 0.37 0.70 0.87 
31 TCU051-E 0.36 0.69 1.03 0.40 0.63 1.19 0.40 0.75 1.02 
32 TCU055-N 0.37 0.69 1.17 0.36 0.76 1.24 0.38 0.70 1.17 
33 TCU056-E 0.34 0.60 0.97 0.37 0.67 0.99 0.44 0.72 1.10 
34 TCU056-N 0.32 0.56 1.13 0.38 0.62 1.10 0.35 0.56 0.95 
35 TCU122-E 0.34 0.68 1.02 0.37 0.63 0.93 0.40 0.59 1.03 
36 WPI316 0.34 0.71 1.05 0.38 0.77 1.09 0.40 0.78 1.07 
37 WVC000 0.41 0.79 1.09 0.41 0.80 1.09 0.33 0.81 1.10 
38 WVC270 0.39 0.81 1.33 0.44 0.85 1.25 0.31 0.77 1.19 
39 YER270 0.39 0.84 1.31 0.36 0.86 1.54 0.37 0.78 1.48 
40 YER360 0.38 0.75 1.28 0.47 0.72 1.13 0.36 0.68 0.99 
Mean (µ) 0.40 0.73 1.12 0.40 0.72 1.13 0.39 0.70 1.13 
COV (σ/ µ) 0.17 0.14 0.12 0.13 0.15 0.15 0.17 0.15 0.16 
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Table 7.17 Peak floor accelerations of test structures without dampers under MCE ground 
motions 
ID. DBE 
D100V structure 
(kN) 
D75V structure 
(kN) 
D60V structure 
(kN) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-IVW360 0.80 0.58 0.90 0.59 0.51 0.66 0.54 0.42 0.51 
2 B-POE360 1.07 1.02 1.13 0.92 0.76 0.86 0.85 0.90 0.76 
3 CHY046-N 0.80 0.61 0.88 0.82 0.65 0.79 0.71 0.53 0.63 
4 CWC270 0.92 0.84 0.90 0.76 0.69 0.86 0.76 0.64 0.61 
5 DSP090 0.97 0.83 0.93 0.59 0.63 0.58 0.50 0.43 0.59 
6 DZC180 0.72 0.59 0.96 0.68 0.63 0.76 0.65 0.62 0.59 
7 DZC270 0.77 0.67 0.92 0.62 0.55 0.65 0.69 0.61 0.53 
8 H-BRA315 0.67 0.78 0.77 0.92 0.74 0.63 0.79 0.55 0.64 
9 HDA165 0.78 0.57 0.84 0.73 0.46 0.57 0.57 0.42 0.57 
10 H-DLT262 0.69 0.58 0.85 0.80 0.63 0.79 0.73 0.58 0.80 
11 H-DLT352 0.58 0.60 0.70 0.68 0.48 0.64 0.63 0.44 0.58 
12 H-E03140 0.90 0.75 0.91 0.72 0.56 0.78 0.71 0.74 0.62 
13 H-ECC002 0.55 0.58 0.70 0.71 0.72 0.73 0.74 0.62 0.80 
14 H-ECC092 0.56 0.47 0.70 0.60 0.43 0.58 0.58 0.36 0.48 
15 HECTOR-21081090 1.05 0.73 1.01 0.79 0.59 0.71 0.88 0.67 0.74 
16 HECTOR-22170090 0.61 0.64 0.86 0.65 0.53 0.68 0.64 0.53 0.64 
17 H-HVP225 1.00 0.82 1.11 0.64 0.57 0.61 0.63 0.44 0.65 
18 H-HVP315 0.98 0.87 0.86 0.87 0.65 0.78 0.58 0.79 0.53 
19 HSP000 0.49 0.46 0.70 0.51 0.40 0.64 0.56 0.38 0.65 
20 HSP090 0.58 0.57 0.75 0.74 0.50 0.65 0.76 0.47 0.70 
21 JOS090 0.65 0.62 0.89 0.47 0.46 0.56 0.47 0.39 0.52 
22 NORTHR-5082-235 0.95 0.90 0.81 0.92 0.88 0.69 0.91 0.61 0.65 
23 PTS315 0.66 0.69 0.80 0.76 0.57 0.84 0.59 0.58 0.69 
24 RRS318 0.86 0.73 0.99 0.57 0.60 0.67 0.54 0.46 0.67 
25 SCE018 0.70 0.63 0.82 0.54 0.61 0.71 0.55 0.54 0.64 
26 SCE288 0.73 0.61 0.90 0.51 0.48 0.70 0.56 0.57 0.62 
27 STG000 0.95 0.79 0.90 0.69 0.55 0.65 0.76 0.63 0.57 
28 STG090 1.11 0.97 1.14 1.04 0.84 0.71 0.99 0.86 0.83 
29 TCU038-N 0.87 0.79 0.99 0.74 0.66 0.81 0.60 0.50 0.63 
30 TCU042-E 0.82 0.75 0.91 0.82 0.62 0.74 0.58 0.51 0.57 
31 TCU051-E 0.81 0.61 0.84 0.74 0.64 0.72 0.66 0.57 0.66 
32 TCU055-N 0.72 0.63 0.81 0.54 0.55 0.66 0.57 0.51 0.62 
33 TCU056-E 0.59 0.63 0.69 0.71 0.51 0.71 0.63 0.58 0.69 
34 TCU056-N 0.77 0.59 0.84 0.66 0.61 0.78 0.62 0.42 0.57 
35 TCU122-E 0.71 0.83 0.80 0.82 0.61 0.80 0.74 0.49 0.61 
36 WPI316 0.54 0.50 0.76 0.66 0.38 0.59 0.62 0.46 0.72 
37 WVC000 0.67 0.57 0.83 0.50 0.49 0.62 0.40 0.37 0.46 
38 WVC270 0.52 0.48 0.72 0.52 0.49 0.63 0.51 0.36 0.58 
39 YER270 0.57 0.51 0.68 0.56 0.42 0.60 0.52 0.39 0.54 
40 YER360 0.66 0.58 0.72 0.82 0.61 0.75 0.70 0.57 0.66 
Mean (µ) 0.76 0.67 0.85 0.70 0.58 0.70 0.65 0.54 0.63 
COV (σ/ µ) 0.22 0.20 0.14 0.19 0.19 0.12 0.19 0.24 0.13 
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Table 7.18 Peak base shear of test structures without dampers under MCE ground 
motions 
ID. DBE 
D100V structure 
(kN) 
D75V structure 
(kN) 
D60V structure 
(kN) 
MRF DBF MRF+DBF MRF DBF MRF+DBF MRF DBF MRF+DBF 
1 B-IVW360 714.7 450.7 1138.5 757.9 470.5 1222.7 779.8 522.4 1301.3 
2 B-POE360 785.8 462.6 1180.1 843.4 559.0 1345.3 767.9 551.8 1318.9 
3 CHY046-N 742.2 544.7 1286.9 687.0 491.9 1144.4 746.9 440.4 1168.2 
4 CWC270 733.1 444.8 1178.0 646.2 438.3 1034.4 627.8 386.2 1012.6 
5 DSP090 736.5 491.8 1147.2 662.0 462.7 1095.4 723.2 529.2 1252.2 
6 DZC180 690.6 341.4 1032.0 722.2 406.8 1036.3 683.4 458.2 1094.3 
7 DZC270 716.3 499.0 1175.8 655.6 470.8 1125.6 672.4 493.1 1164.5 
8 H-BRA315 699.2 431.7 1129.4 729.4 356.7 1068.0 738.4 425.5 1085.2 
9 HDA165 695.7 519.0 1214.5 670.5 465.9 1081.9 641.2 465.4 1058.0 
10 H-DLT262 594.5 327.3 921.7 728.4 356.3 1062.3 777.3 461.6 1236.3 
11 H-DLT352 641.4 409.3 1033.7 680.9 471.3 1106.8 744.2 534.3 1271.1 
12 H-E03140 731.3 458.1 1164.1 770.2 565.8 1336.0 780.0 593.2 1372.6 
13 H-ECC002 648.4 449.4 1073.2 703.7 432.8 1077.2 763.4 505.5 1259.1 
14 H-ECC092 659.3 467.0 1097.7 744.5 510.9 1255.4 817.9 548.4 1366.3 
15 HECTOR-21081090 709.5 454.3 1160.7 810.1 526.2 1278.2 872.2 589.7 1427.5 
16 HECTOR-22170090 733.6 537.6 1271.2 703.0 509.8 1207.8 737.4 463.2 1181.3 
17 H-HVP225 694.6 521.1 1215.7 670.7 479.0 1146.5 704.6 521.0 1223.0 
18 H-HVP315 770.1 577.6 1347.5 781.2 570.7 1351.9 768.1 512.5 1210.7 
19 HSP000 673.0 502.1 1174.8 673.1 502.1 1175.1 735.4 544.9 1280.1 
20 HSP090 631.1 324.1 940.3 753.9 472.6 1226.5 883.4 619.1 1501.5 
21 JOS090 714.6 474.0 1188.5 667.7 472.5 1139.9 691.1 440.3 1128.2 
22 NORTHR-5082-235 632.2 366.6 998.8 713.4 431.1 1142.8 745.8 392.1 1137.9 
23 PTS315 630.1 464.4 1093.0 716.6 510.1 1198.9 778.8 504.7 1191.0 
24 RRS318 689.1 494.2 1154.6 736.5 526.3 1261.5 774.5 557.8 1330.6 
25 SCE018 650.6 462.1 1111.1 673.1 498.8 1171.8 678.6 493.7 1166.6 
26 SCE288 744.8 543.4 1288.2 702.3 496.2 1198.3 713.3 523.6 1236.7 
27 STG000 672.1 483.1 1135.6 631.5 419.7 1032.7 767.0 542.3 1303.5 
28 STG090 677.5 377.9 1054.2 747.6 551.9 1294.1 861.8 621.5 1483.3 
29 TCU038-N 739.2 488.8 1195.5 747.0 476.7 1205.9 759.9 495.0 1250.5 
30 TCU042-E 739.2 456.7 1193.4 729.1 497.3 1206.0 776.8 562.4 1339.2 
31 TCU051-E 653.7 482.7 1135.2 620.4 498.0 1118.5 757.6 588.2 1345.8 
32 TCU055-N 680.4 432.8 1111.5 729.9 469.2 1177.8 653.9 401.0 1034.1 
33 TCU056-E 653.4 407.5 1050.5 724.1 469.6 1156.7 818.7 564.4 1382.8 
34 TCU056-N 675.2 390.3 1065.4 698.6 482.2 1173.3 726.9 546.2 1273.1 
35 TCU122-E 682.4 442.0 1124.1 719.5 469.1 1168.0 806.2 583.3 1389.4 
36 WPI316 716.3 529.1 1245.4 726.8 533.9 1260.6 731.2 553.6 1284.8 
37 WVC000 667.4 450.6 1113.7 640.9 483.3 1124.1 573.2 377.4 941.7 
38 WVC270 630.6 459.5 1090.1 694.9 459.9 1084.0 664.8 493.7 1158.4 
39 YER270 715.2 516.6 1219.9 756.6 519.0 1275.1 803.6 533.3 1295.8 
40 YER360 628.5 403.1 998.8 734.8 497.3 1162.3 841.3 518.1 1312.6 
Mean (µ) 690.4 458.4 1136.1 713.6 480.3 1172.6 749.4 511.5 1246.8 
COV (σ/µ) 0.06 0.13 0.08 0.07 0.10 0.07 0.09 0.12 0.10 
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Table 7.19 Peak story drift ratios of test structures with dampers under FOE ground 
motions 
ID. FOE record 
D100V structure 
(% rad) 
D75V structure 
(% rad) 
D60V structure 
(% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A-235 0.31 0.32 0.19 0.41 0.43 0.33 0.48 0.55 0.47 
2 ABY000 0.24 0.23 0.14 0.31 0.30 0.18 0.39 0.40 0.27 
3 ABY090 0.21 0.20 0.13 0.29 0.29 0.18 0.37 0.38 0.26 
4 ARL360 0.31 0.31 0.19 0.34 0.35 0.24 0.37 0.38 0.25 
5 B-ICC000 0.41 0.43 0.29 0.52 0.56 0.44 0.63 0.70 0.59 
6 BOS-L1 0.24 0.23 0.15 0.31 0.31 0.21 0.41 0.44 0.35 
7 BRS000 0.32 0.31 0.19 0.49 0.52 0.41 0.58 0.65 0.58 
8 B-WSM090 0.25 0.23 0.15 0.36 0.35 0.22 0.45 0.47 0.34 
9 CHY004-N 0.37 0.37 0.24 0.43 0.45 0.34 0.44 0.49 0.40 
10 CHY046-N 0.23 0.22 0.13 0.35 0.33 0.22 0.48 0.48 0.34 
11 CHY088-E 0.31 0.31 0.20 0.35 0.36 0.25 0.42 0.44 0.34 
12 CWC270 0.25 0.22 0.14 0.30 0.28 0.18 0.37 0.37 0.25 
13 DSP090 0.37 0.37 0.25 0.47 0.48 0.34 0.58 0.62 0.46 
14 DZC270 0.28 0.27 0.16 0.38 0.39 0.26 0.44 0.47 0.34 
15 H-BRA315 0.37 0.37 0.25 0.46 0.47 0.33 0.54 0.57 0.43 
16 H-COW090 0.29 0.29 0.18 0.36 0.37 0.24 0.42 0.44 0.31 
17 HDA165 0.40 0.41 0.28 0.48 0.51 0.37 0.52 0.58 0.45 
18 H-DLT262 0.32 0.32 0.20 0.34 0.34 0.23 0.36 0.36 0.25 
19 H-DLT352 0.25 0.23 0.14 0.33 0.33 0.22 0.42 0.43 0.29 
20 H-E03140 0.30 0.30 0.18 0.38 0.39 0.27 0.44 0.48 0.37 
21 H-E12140 0.26 0.25 0.15 0.32 0.33 0.22 0.38 0.40 0.29 
22 H-ECC002 0.26 0.26 0.16 0.39 0.39 0.25 0.55 0.58 0.43 
23 HECTOR-11625090 0.30 0.30 0.19 0.40 0.42 0.29 0.48 0.50 0.36 
24 HECTOR-21081360 0.28 0.27 0.16 0.39 0.39 0.27 0.42 0.43 0.32 
25 H-HVP225 0.38 0.38 0.25 0.48 0.50 0.35 0.58 0.63 0.49 
26 HSP090 0.31 0.32 0.20 0.33 0.34 0.23 0.45 0.47 0.36 
27 PTS315 0.41 0.41 0.27 0.52 0.56 0.40 0.60 0.66 0.53 
28 SCE018 0.27 0.29 0.18 0.33 0.33 0.22 0.44 0.44 0.31 
29 SLC270 0.32 0.31 0.18 0.42 0.43 0.30 0.53 0.55 0.39 
30 SLC360 0.25 0.26 0.15 0.29 0.28 0.17 0.32 0.31 0.21 
31 STG000 0.40 0.41 0.27 0.47 0.49 0.37 0.50 0.55 0.44 
32 TCU038-N 0.23 0.21 0.13 0.29 0.28 0.18 0.41 0.42 0.29 
33 TCU042-E 0.25 0.26 0.15 0.30 0.31 0.21 0.35 0.38 0.28 
34 TCU050-E 0.26 0.27 0.18 0.31 0.31 0.22 0.35 0.37 0.24 
35 TCU051-E 0.27 0.27 0.19 0.34 0.33 0.22 0.47 0.49 0.34 
36 TCU055-E 0.26 0.25 0.16 0.35 0.36 0.25 0.45 0.47 0.34 
37 TCU122-N 0.37 0.37 0.23 0.50 0.53 0.38 0.67 0.73 0.59 
38 W15090 0.20 0.19 0.11 0.27 0.27 0.18 0.33 0.34 0.23 
39 WVC270 0.34 0.33 0.21 0.41 0.43 0.31 0.53 0.58 0.46 
40 YER360. 0.27 0.27 0.17 0.34 0.32 0.21 0.47 0.49 0.34 
Mean (µ) 0.30 0.29 0.19 0.38 0.39 0.27 0.46 0.49 0.36 
COV (σ/µ) 0.20 0.21 0.24 0.19 0.22 0.27 0.19 0.21 0.28 
 
 226
Table 7.20 Residual story drift ratios of test structures with dampers under FOE ground 
motions 
ID. FOE record  
D100V structure 
(% rad) 
D75V structure 
(% rad) 
D60V structure 
(% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A-235 0.009 0.008 0.004 0.009 0.008 0.004 0.009 0.008 0.004 
2 ABY000 0.008 0.000 0.009 0.011 0.008 0.002 0.013 0.010 0.004 
3 ABY090 0.002 0.003 0.007 0.010 0.011 0.009 0.010 0.009 0.005 
4 ARL360 0.010 0.009 0.004 0.009 0.008 0.004 0.009 0.007 0.004 
5 B-ICC000 0.006 0.005 0.004 0.008 0.007 0.002 0.013 0.012 0.006 
6 BOS-L1 0.009 0.010 0.003 0.014 0.018 0.012 0.010 0.012 0.009 
7 BRS000 0.009 0.007 0.004 0.007 0.004 0.000 0.004 0.001 0.002 
8 B-WSM090 0.009 0.009 0.005 0.008 0.007 0.004 0.009 0.007 0.002 
9 CHY004-N 0.009 0.008 0.004 0.009 0.009 0.005 0.009 0.009 0.006 
10 CHY046-N 0.008 0.007 0.004 0.008 0.007 0.006 0.010 0.009 0.005 
11 CHY088-E 0.008 0.009 0.007 0.009 0.008 0.006 0.009 0.009 0.005 
12 CWC270 0.013 0.003 0.017 0.011 0.018 0.026 0.016 0.019 0.017 
13 DSP090 0.000 0.006 0.002 0.009 0.009 0.005 0.011 0.010 0.004 
14 DZC270 0.006 0.006 0.008 0.009 0.009 0.005 0.009 0.008 0.004 
15 H-BRA315 0.007 0.006 0.004 0.009 0.007 0.003 0.009 0.008 0.004 
16 H-COW090 0.002 0.007 0.006 0.008 0.005 0.003 0.007 0.007 0.001 
17 HDA165 0.008 0.007 0.004 0.008 0.008 0.005 0.009 0.008 0.004 
18 H-DLT262 0.009 0.008 0.004 0.008 0.006 0.001 0.008 0.006 0.001 
19 H-DLT352 0.010 0.009 0.006 0.009 0.008 0.005 0.009 0.008 0.005 
20 H-E03140 0.011 0.010 0.004 0.009 0.008 0.004 0.009 0.009 0.005 
21 H-E12140 0.003 0.003 0.004 0.009 0.008 0.004 0.010 0.011 0.009 
22 H-ECC002 0.005 0.004 0.004 0.009 0.008 0.004 0.009 0.008 0.004 
23 HECTOR-11625090 0.010 0.009 0.003 0.009 0.008 0.004 0.008 0.007 0.004 
24 HECTOR-21081360 0.012 0.013 0.004 0.002 0.000 0.001 0.002 0.000 0.000 
25 H-HVP225 0.012 0.011 0.004 0.009 0.008 0.004 0.009 0.008 0.004 
26 HSP090 0.007 0.007 0.004 0.009 0.008 0.005 0.009 0.008 0.004 
27 PTS315 0.012 0.010 0.004 0.008 0.007 0.004 0.009 0.008 0.004 
28 SCE018 0.009 0.008 0.004 0.009 0.008 0.004 0.009 0.008 0.004 
29 SLC270. 0.011 0.010 0.004 0.009 0.008 0.004 0.008 0.008 0.004 
30 SLC360 0.008 0.008 0.004 0.008 0.008 0.004 0.009 0.008 0.005 
31 STG000 0.007 0.007 0.004 0.009 0.008 0.004 0.009 0.008 0.004 
32 TCU038-N 0.009 0.008 0.005 0.009 0.009 0.008 0.009 0.008 0.004 
33 TCU042-E 0.009 0.008 0.004 0.009 0.008 0.004 0.009 0.009 0.005 
34 TCU050-E 0.008 0.007 0.004 0.009 0.008 0.004 0.009 0.008 0.004 
35 TCU051-E 0.008 0.007 0.004 0.009 0.008 0.004 0.009 0.008 0.004 
36 TCU055-E 0.009 0.008 0.004 0.009 0.008 0.004 0.009 0.008 0.004 
37 TCU122-N 0.008 0.007 0.004 0.009 0.008 0.004 0.014 0.014 0.007 
38 W15090 0.007 0.005 0.000 0.008 0.006 0.001 0.007 0.007 0.004 
39 WVC270 0.010 0.009 0.004 0.008 0.008 0.004 0.008 0.008 0.004 
40 YER360 0.008 0.006 0.002 0.008 0.007 0.003 0.009 0.008 0.004 
Mean (µ) 0.008 0.007 0.005 0.009 0.008 0.005 0.009 0.008 0.005 
COV (σ/ µ) 0.35 0.33 0.54 0.18 0.35 0.86 0.25 0.34 0.55 
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Table 7.21 Peak floor velocities of test structures with dampers under FOE ground 
motions 
ID. FOE record 
D100V structure 
(m/s) 
D75V structure 
(m/s) 
D60V structure 
(m/s) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 A-235 0.09 0.16 0.21 0.12 0.20 0.24 0.14 0.24 0.28 
2 ABY000 0.07 0.13 0.16 0.09 0.13 0.17 0.10 0.17 0.20 
3 ABY090 0.08 0.13 0.16 0.08 0.14 0.18 0.09 0.13 0.17 
4 ARL360 0.09 0.17 0.22 0.11 0.18 0.25 0.11 0.18 0.25 
5 B-ICC000 0.14 0.23 0.27 0.12 0.24 0.30 0.12 0.22 0.28 
6 BOS-L1 0.07 0.12 0.16 0.08 0.14 0.17 0.10 0.19 0.22 
7 BRS000 0.08 0.15 0.20 0.10 0.17 0.21 0.13 0.22 0.27 
8 B-WSM090 0.09 0.16 0.19 0.08 0.14 0.19 0.10 0.15 0.19 
9 CHY004-N 0.09 0.16 0.21 0.10 0.20 0.24 0.11 0.21 0.27 
10 CHY046-N 0.07 0.13 0.17 0.07 0.14 0.20 0.09 0.16 0.22 
11 CHY088-E 0.08 0.14 0.17 0.09 0.17 0.21 0.09 0.17 0.22 
12 CWC270 0.09 0.16 0.22 0.09 0.16 0.21 0.08 0.15 0.19 
13 DSP090 0.08 0.14 0.18 0.10 0.20 0.24 0.13 0.24 0.28 
14 DZC270 0.07 0.13 0.17 0.10 0.16 0.18 0.10 0.17 0.20 
15 H-BRA315 0.11 0.20 0.24 0.11 0.20 0.26 0.10 0.18 0.26 
16 H-COW090 0.07 0.13 0.17 0.07 0.13 0.17 0.08 0.15 0.18 
17 HDA165 0.11 0.19 0.21 0.11 0.22 0.26 0.11 0.21 0.26 
18 H-DLT262 0.09 0.17 0.20 0.09 0.18 0.22 0.09 0.18 0.23 
19 H-DLT352 0.07 0.15 0.20 0.09 0.16 0.19 0.09 0.17 0.21 
20 H-E03140 0.07 0.14 0.18 0.09 0.15 0.18 0.10 0.17 0.21 
21 H-E12140 0.07 0.13 0.15 0.09 0.15 0.18 0.09 0.16 0.19 
22 H-ECC002 0.08 0.16 0.22 0.09 0.16 0.21 0.11 0.21 0.24 
23 HECTOR-11625090 0.09 0.16 0.20 0.10 0.18 0.24 0.10 0.19 0.25 
24 HECTOR-21081360 0.08 0.14 0.19 0.08 0.15 0.19 0.09 0.16 0.19 
25 H-HVP225 0.08 0.13 0.16 0.08 0.15 0.17 0.09 0.16 0.18 
26 HSP090 0.08 0.14 0.19 0.07 0.14 0.18 0.08 0.16 0.19 
27 PTS315 0.08 0.14 0.17 0.10 0.18 0.21 0.10 0.20 0.24 
28 SCE018 0.10 0.19 0.24 0.12 0.21 0.28 0.12 0.22 0.29 
29 SLC270. 0.08 0.14 0.17 0.10 0.19 0.23 0.10 0.21 0.25 
30 SLC360 0.08 0.17 0.23 0.08 0.15 0.21 0.08 0.14 0.20 
31 STG000 0.09 0.15 0.17 0.11 0.18 0.20 0.13 0.20 0.23 
32 TCU038-N 0.07 0.13 0.16 0.08 0.14 0.17 0.08 0.16 0.19 
33 TCU042-E 0.07 0.13 0.17 0.08 0.13 0.16 0.10 0.16 0.19 
34 TCU050-E 0.08 0.13 0.17 0.08 0.14 0.19 0.09 0.15 0.20 
35 TCU051-E 0.07 0.13 0.17 0.08 0.14 0.18 0.09 0.15 0.18 
36 TCU055-E 0.07 0.13 0.19 0.08 0.13 0.17 0.08 0.14 0.18 
37 TCU122-N 0.08 0.14 0.17 0.08 0.15 0.19 0.09 0.15 0.20 
38 W15090 0.07 0.12 0.15 0.08 0.13 0.15 0.08 0.14 0.19 
39 WVC270 0.07 0.12 0.15 0.10 0.18 0.22 0.13 0.22 0.26 
40 YER360 0.08 0.14 0.18 0.07 0.13 0.16 0.08 0.15 0.19 
Mean (µ) 0.08 0.15 0.19 0.09 0.16 0.20 0.10 0.18 0.22 
COV (σ/ µ) 0.17 0.16 0.15 0.15 0.17 0.17 0.16 0.17 0.16 
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Table 7.22 Peak floor accelerations of test structures with dampers under FOE ground 
motions 
ID. FOE record 
D100V structure 
(g) 
D75V structure 
(g) 
D60V structure 
(g) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 A-235 0.23 0.22 0.26 0.21 0.21 0.26 0.19 0.20 0.26 
2 ABY000 0.18 0.18 0.20 0.16 0.15 0.18 0.14 0.15 0.17 
3 ABY090 0.19 0.18 0.22 0.17 0.15 0.19 0.14 0.14 0.17 
4 ARL360 0.20 0.22 0.24 0.17 0.20 0.21 0.16 0.16 0.18 
5 B-ICC000 0.22 0.24 0.30 0.22 0.24 0.29 0.21 0.22 0.26 
6 BOS-L1 0.17 0.18 0.21 0.17 0.17 0.21 0.15 0.17 0.22 
7 BRS000 0.21 0.22 0.25 0.22 0.23 0.28 0.22 0.22 0.28 
8 B-WSM090 0.19 0.18 0.22 0.18 0.16 0.21 0.15 0.15 0.18 
9 CHY004-N 0.18 0.24 0.29 0.15 0.22 0.25 0.13 0.19 0.21 
10 CHY046-N 0.18 0.18 0.22 0.16 0.16 0.19 0.16 0.17 0.19 
11 CHY088-E 0.17 0.22 0.25 0.15 0.20 0.22 0.14 0.17 0.21 
12 CWC270 0.19 0.17 0.25 0.17 0.16 0.21 0.15 0.14 0.16 
13 DSP090 0.17 0.21 0.23 0.15 0.19 0.26 0.13 0.19 0.23 
14 DZC270 0.17 0.19 0.22 0.18 0.18 0.21 0.19 0.15 0.18 
15 H-BRA315 0.21 0.22 0.24 0.17 0.20 0.22 0.17 0.18 0.20 
16 H-COW090 0.17 0.19 0.21 0.13 0.16 0.20 0.13 0.15 0.18 
17 HDA165 0.20 0.24 0.30 0.17 0.22 0.24 0.15 0.18 0.21 
18 H-DLT262 0.16 0.21 0.24 0.13 0.21 0.22 0.13 0.17 0.17 
19 H-DLT352 0.19 0.19 0.21 0.16 0.16 0.19 0.14 0.15 0.16 
20 H-E03140 0.18 0.19 0.23 0.16 0.17 0.21 0.16 0.17 0.20 
21 H-E12140 0.18 0.19 0.23 0.15 0.17 0.18 0.14 0.15 0.17 
22 H-ECC002 0.17 0.22 0.22 0.15 0.16 0.19 0.14 0.16 0.19 
23 HECTOR-11625090 0.17 0.22 0.23 0.14 0.18 0.20 0.13 0.17 0.19 
24 HECTOR-21081360 0.17 0.21 0.24 0.16 0.17 0.21 0.15 0.16 0.20 
25 H-HVP225 0.20 0.21 0.26 0.18 0.20 0.23 0.15 0.18 0.21 
26 HSP090 0.16 0.21 0.24 0.14 0.17 0.19 0.13 0.16 0.20 
27 PTS315 0.19 0.22 0.25 0.17 0.21 0.26 0.15 0.19 0.23 
28 SCE018 0.17 0.24 0.26 0.16 0.19 0.21 0.16 0.19 0.21 
29 SLC270. 0.16 0.20 0.22 0.14 0.19 0.22 0.14 0.17 0.21 
30 SLC360 0.14 0.20 0.22 0.14 0.15 0.18 0.12 0.13 0.17 
31 STG000 0.29 0.25 0.29 0.23 0.23 0.26 0.22 0.21 0.24 
32 TCU038-N 0.14 0.16 0.19 0.13 0.15 0.18 0.14 0.13 0.16 
33 TCU042-E 0.17 0.19 0.21 0.15 0.15 0.19 0.14 0.15 0.18 
34 TCU050-E 0.18 0.20 0.21 0.14 0.16 0.19 0.13 0.14 0.15 
35 TCU051-E 0.17 0.19 0.21 0.16 0.15 0.17 0.16 0.14 0.15 
36 TCU055-E 0.17 0.18 0.21 0.14 0.16 0.17 0.12 0.14 0.17 
37 TCU122-N 0.19 0.21 0.24 0.20 0.20 0.24 0.19 0.21 0.25 
38 W15090 0.15 0.17 0.18 0.15 0.15 0.17 0.16 0.13 0.17 
39 WVC270 0.18 0.21 0.23 0.18 0.19 0.24 0.18 0.19 0.23 
40 YER360 0.17 0.21 0.23 0.15 0.16 0.17 0.15 0.16 0.17 
Mean (µ) 0.18 0.20 0.23 0.16 0.18 0.21 0.15 0.17 0.20 
COV (σ/ µ) 0.14 0.11 0.12 0.15 0.14 0.15 0.16 0.15 0.16 
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Table 7.23 Peak base shear of test structures with dampers under FOE ground motions 
ID. DBE 
D100V structure 
(kN) 
D75V structure 
(kN) 
D60V structure 
(kN) 
MRF DBF MRF+DBF MRF DBF MRF+DBF MRF DBF MRF+DBF 
1 A-235 201.6 287.0 460.2 264.2 327.5 556.5 307.9 362.8 645.1 
2 ABY000 146.8 237.2 378.6 200.7 270.4 438.7 260.1 294.6 545.1 
3 ABY090 137.0 238.1 343.4 171.6 257.0 414.3 193.7 278.8 458.9 
4 ARL360 178.3 272.3 444.0 221.0 314.4 525.0 232.2 307.6 526.5 
5 B-ICC000 276.4 317.7 586.1 345.2 373.3 710.9 405.1 420.9 794.8 
6 BOS-L1 148.4 246.0 375.7 204.1 280.3 463.6 265.8 291.1 512.6 
7 BRS000 192.0 256.5 438.2 242.8 313.0 511.3 273.4 328.1 542.2 
8 B-WSM090 165.5 244.9 404.9 234.7 279.2 477.6 297.9 305.9 584.4 
9 CHY004-N 121.9 219.0 322.6 163.4 256.9 404.0 208.7 271.1 441.5 
10 CHY046-N 150.3 259.4 384.9 235.4 285.1 501.8 325.4 335.1 653.0 
11 CHY088-E 157.9 241.0 380.4 236.4 300.5 522.5 282.0 337.1 601.9 
12 CWC270 168.8 249.1 395.8 207.5 286.2 488.6 242.7 288.1 489.4 
13 DSP090 243.4 292.9 525.1 306.5 327.2 610.1 377.1 349.0 704.9 
14 DZC270 140.4 216.3 333.6 178.8 259.7 426.7 199.2 275.2 455.5 
15 H-BRA315 140.7 280.3 384.4 227.2 274.3 492.7 281.4 325.1 593.7 
16 H-COW090 194.9 269.8 453.4 236.4 299.7 520.5 275.5 314.1 562.5 
17 HDA165 260.8 321.7 570.3 320.1 346.6 641.0 342.8 351.2 682.4 
18 H-DLT262 140.1 253.3 371.3 197.6 266.0 433.4 240.8 297.6 518.5 
19 H-DLT352 164.2 262.1 414.0 216.5 273.1 476.5 249.6 292.8 526.4 
20 H-E03140 197.2 269.2 438.4 253.5 300.4 535.4 291.8 342.1 617.9 
21 H-E12140 171.0 258.3 414.1 213.6 273.6 473.7 249.3 297.3 542.4 
22 H-ECC002 175.0 268.7 438.1 218.1 284.1 475.3 287.4 311.5 577.6 
23 HECTOR-11625090 174.8 244.9 401.8 241.0 270.9 489.5 316.0 317.0 622.1 
24 HECTOR-21081360 185.8 261.8 433.9 224.7 295.3 517.3 214.2 304.0 505.7 
25 H-HVP225 252.0 301.2 544.9 315.7 336.5 637.7 384.9 363.6 735.2 
26 HSP090 205.0 280.8 466.9 198.4 281.1 463.3 203.0 271.6 460.0 
27 PTS315 268.1 300.6 551.8 343.5 354.2 671.6 392.3 390.1 753.1 
28 SCE018 144.2 195.9 315.4 222.1 280.7 471.3 292.0 299.2 561.9 
29 SLC270. 211.5 279.3 474.1 277.8 332.5 590.5 346.8 344.1 625.2 
30 SLC360 146.8 246.6 375.5 189.7 273.8 444.1 208.2 277.6 465.4 
31 STG000 272.6 331.2 589.6 312.9 360.9 650.9 329.4 379.0 692.3 
32 TCU038-N 152.4 251.2 387.3 193.5 279.0 455.3 207.6 273.2 464.8 
33 TCU042-E 164.9 258.0 402.1 199.2 269.8 443.9 224.3 298.9 503.3 
34 TCU050-E 174.9 254.5 418.5 200.4 281.6 459.7 219.2 271.0 481.3 
35 TCU051-E 139.1 219.8 341.8 181.6 253.5 415.6 237.2 274.3 481.9 
36 TCU055-E 165.6 257.4 411.7 167.4 258.0 415.4 204.9 291.5 488.5 
37 TCU122-N 245.0 276.8 510.0 329.8 327.2 637.9 437.3 396.2 813.5 
38 W15090 135.6 228.8 355.0 183.2 261.0 424.7 218.5 292.5 500.0 
39 WVC270 224.3 282.7 490.3 266.0 323.0 556.5 346.7 355.0 675.3 
40 YER360 179.0 281.2 451.2 184.9 281.7 441.7 239.1 284.6 487.9 
Mean (µ) 182.8 262.8 429.5 233.2 294.2 507.2 277.8 316.5 572.4 
COV (σ/ µ) 0.23 0.11 0.17 0.22 0.11 0.16 0.23 0.12 0.17 
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Table 7.24 Peak damper forces of test structures with dampers under FOE ground 
motions 
ID. FOE record 
D100V structure 
(kN) 
D75V structure  
(kN) 
D60V structure 
(kN) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A-235 229.0 236.7 192.8 246.0 250.0 234.2 288.2 256.7 246.7 
2 ABY000 208.6 198.3 146.9 212.3 225.9 184.4 224.1 227.4 201.2 
3 ABY090 197.5 197.7 149.6 203.2 203.8 184.9 211.4 210.2 191.1 
4 ARL360 224.2 260.7 180.8 223.9 240.1 202.1 233.7 240.4 219.1 
5 B-ICC000 274.6 271.1 201.2 255.7 278.5 221.7 266.1 255.8 255.8 
6 BOS-L1 200.7 196.9 151.9 214.9 236.3 193.6 241.0 229.9 230.8 
7 BRS000 213.2 200.4 180.4 240.6 253.6 235.2 270.1 281.9 258.1 
8 B-WSM090 205.1 207.6 143.5 206.9 216.6 177.3 222.6 226.2 202.4 
9 CHY004-N 222.5 217.3 194.6 235.7 240.0 206.9 235.1 249.0 233.4 
10 CHY046-N 203.8 194.0 140.6 212.7 212.0 164.6 245.1 237.1 196.5 
11 CHY088-E 222.2 209.2 169.5 222.8 224.5 187.7 241.2 231.6 215.8 
12 CWC270 207.8 214.4 171.8 196.8 210.4 176.2 208.5 209.6 175.9 
13 DSP090 211.6 205.4 171.2 238.4 237.8 244.9 250.7 274.5 251.7 
14 DZC270 210.3 202.3 148.4 224.6 216.0 190.0 235.7 224.6 216.3 
15 H-BRA315 234.9 237.4 183.1 233.2 242.0 188.8 223.3 238.5 202.4 
16 H-COW090 214.6 201.4 150.0 221.0 201.8 174.8 212.3 216.0 199.5 
17 HDA165 238.3 219.6 212.4 272.6 250.5 218.1 237.3 248.9 224.0 
18 H-DLT262 225.1 209.6 175.5 228.5 230.8 189.9 226.8 234.8 206.9 
19 H-DLT352 231.9 220.4 151.0 221.2 218.3 179.8 222.9 228.6 192.0 
20 H-E03140 199.8 196.7 162.0 214.1 213.8 184.5 226.5 239.4 238.2 
21 H-E12140 201.4 188.3 147.7 214.3 213.2 173.5 215.0 219.2 183.3 
22 H-ECC002 231.1 215.9 152.5 219.0 220.5 202.1 241.5 242.8 252.6 
23 HECTOR-11625090 222.9 219.6 166.5 233.8 234.2 183.2 242.0 241.8 213.6 
24 HECTOR-21081360 206.6 199.3 156.6 217.7 211.3 194.7 227.0 217.7 198.3 
25 H-HVP225 215.0 205.2 169.1 214.8 206.6 197.0 221.9 217.0 204.3 
26 HSP090 209.9 204.6 163.1 209.9 224.4 179.7 216.5 218.5 208.0 
27 PTS315 207.1 199.2 171.3 228.7 229.4 218.9 240.0 255.0 244.2 
28 SCE018 218.3 226.5 192.0 239.7 248.4 201.2 255.8 266.2 226.4 
29 SLC270. 205.8 201.5 161.7 271.4 235.4 209.7 243.3 260.3 249.9 
30 SLC360 204.4 221.1 156.3 219.7 214.3 162.1 219.0 213.8 191.7 
31 STG000 228.3 225.6 188.3 233.5 234.9 205.1 265.1 242.0 244.9 
32 TCU038-N 201.5 186.6 135.0 210.9 207.8 175.6 217.6 220.2 181.9 
33 TCU042-E 202.1 214.8 157.4 213.2 206.8 172.4 226.7 242.3 198.2 
34 TCU050-E 198.9 192.8 137.0 209.4 212.0 165.6 212.4 231.5 185.4 
35 TCU051-E 206.9 194.0 137.6 219.2 206.8 161.8 222.7 220.1 188.2 
36 TCU055-E 196.0 206.5 140.8 206.0 198.4 159.4 217.6 224.6 189.1 
37 TCU122-N 208.5 195.9 162.9 208.3 207.7 199.8 217.4 225.6 217.7 
38 W15090 181.3 183.8 124.5 198.1 203.3 150.6 202.0 218.2 186.4 
39 WVC270 210.6 194.4 167.1 229.2 235.8 225.3 249.5 251.7 243.1 
40 YER360 222.3 200.9 154.6 201.7 203.7 156.7 208.8 219.9 194.5 
Mean (µ) 213.9 209.3 163.0 223.1 223.9 190.9 232.1 235.2 214.0 
COV (σ/ µ) 0.07 0.09 0.12 0.08 0.08 0.12 0.08 0.08 0.11 
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Table 7.25 Peak story drift ratios of test structures with dampers under DBE ground 
motions 
ID. DBE record 
D100V structure 
(% rad) 
D75V structure 
(% rad) 
D60V structure 
(% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-ICC000 1.01 1.19 1.02 1.28 1.74 1.70 1.51 2.11 2.28 
2 B-IVW360 0.58 0.61 0.48 0.71 0.79 0.73 0.97 1.18 0.99 
3 B-POE360 0.64 0.70 0.55 0.66 0.77 0.73 0.77 0.92 0.93 
4 CHY046-N 0.69 0.70 0.54  0.71 0.78  0.74  1.21 1.52 1.32 
5 CHY047-N 0.77 0.87 0.66 0.94 1.11 0.86 1.08 1.30 1.06 
6 CWC270 0.57 0.58 0.43 0.71 0.79 0.61 0.92 1.10 0.90 
7 DSP090 0.89 1.01 0.80 1.15 1.48 1.24 1.31 1.80 1.58 
8 DZC180 0.71 0.79 0.73 0.74 0.88 1.13 1.02 1.21 1.02 
9 DZC270 0.71 0.82 0.66 0.86 1.10 0.97 0.99 1.34 1.20 
10 H-BRA315 0.89 0.99 0.76 1.10 1.30 1.06 1.28 1.59 1.39 
11 HDA165 0.91 1.09 0.90 0.99 1.35 1.20 1.17 1.56 1.44 
12 H-DLT262 0.67 0.74 0.63 0.72 0.81 0.72 0.76 0.88 0.79 
13 H-DLT352 0.62 0.68 0.52 0.84 0.93 0.77 1.09 1.30 1.04 
14 H-E03140 0.74 0.83 0.69 0.90 1.11 1.09 1.02 1.35 1.53 
15 HECTOR-11625090 0.77 0.88 0.71 0.95 1.13 0.99 1.21 1.56 1.42 
16 HECTOR-21081360 0.75 0.84 0.67 0.77 0.92 0.87 0.74 0.86 0.83 
17 H-HVP225 0.92 1.04 0.82 1.18 1.46 1.26 1.40 1.77 1.60 
18 HSP090 0.70 0.78 0.63 0.93 1.20 1.12 1.14 1.64 1.66 
19 LDM334 0.80 0.94 0.79 1.00 1.37 1.30 1.22 1.67 1.61 
20 PTS315 0.98 1.15 0.93 1.18 1.58 1.44 1.34 1.80 1.66 
21 RRS318 0.83 0.92 0.71 1.04 1.25 1.15 1.12 1.38 1.40 
22 SCE018 0.63 0.79 0.68 0.86 1.12 1.14 1.08 1.23 1.22 
23 SCE288 1.03 1.16 0.91 1.41 1.74 1.49 1.75 2.34 2.23 
24 SLC270 0.86 1.06 0.95 1.18 1.36 1.11 1.42 1.64 1.42 
25 SLC360 0.55 0.58 0.45 0.69 0.72 0.64 0.89 1.05 0.82 
26 TCU038-N 0.56 0.63 0.55 0.88 0.98 0.76 1.25 1.49 1.23 
27 TCU042-E 0.59 0.65 0.56 0.70 0.81 0.78 0.81 1.00 1.02 
28 TCU042-N 0.70 0.81 0.71 0.82 1.03 0.97 0.94 1.32 1.28 
29 TCU050-E 0.60 0.69 0.57 0.73 0.88 0.78 0.83 0.94 0.85 
30 TCU051-E 0.70 0.76 0.58 0.98 1.10 0.86 1.39 1.64 1.29 
31 TCU055-E 0.69 0.78 0.64 0.87 1.07 0.90 1.09 1.41 1.21 
32 TCU055-N 0.71 0.79 0.66 0.89 1.07 1.00 1.02 1.28 1.31 
33 TCU056-E 0.60 0.64 0.49 0.87 1.04 0.84 1.11 1.48 1.32 
34 TCU056-N 0.62 0.67 0.54 0.78 0.91 0.82 0.94 1.16 1.10 
35 TCU122-E 0.35 0.46 0.39 0.84 1.02 0.91 0.97 1.29 1.08 
36 TCU122-N 1.00 1.12 0.88 1.41 1.73 1.51 1.99 2.51 2.34 
37 WVC000 0.86 0.92 0.69 1.27 1.51 1.20 1.42 1.79 1.59 
38 WVC270 0.77 0.91 0.78 1.19 1.61 1.45 1.56 2.16 2.03 
39 YER270 0.98 1.13 0.90 1.29 1.65 1.43 1.75 2.35 2.12 
40 YER360 0.67 0.70 0.52 1.00 1.24 0.98 1.18 1.59 1.43 
Mean (µ) 0.74 0.84 0.68 0.96 1.17 1.04 1.17 1.49 1.36 
COV (σ/µ) 0.21 0.22 0.23 0.22 0.25 0.26 0.24 0.27 0.30 
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Table 7.26 Residual story drift ratios of test structures with dampers under DBE ground 
motions 
ID. DBE record 
D100V structure 
(% rad) 
D75V structure 
(% rad) 
D60V structure 
(% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-ICC000 0.16 0.21 0.13 0.33 0.53 0.48 0.53 0.87 0.90 
2 B-IVW360 0.00 0.00 0.00 0.02 0.02 0.01 0.10 0.14 0.11 
3 B-POE360 0.04 0.05 0.01 0.04 0.04 0.01 0.01 0.01 0.01 
4 CHY046-N 0.02 0.04 0.02 0.06 0.09 0.07 0.18 0.27 0.23 
5 CHY047-N 0.03 0.04 0.01 0.08 0.11 0.06 0.01 0.02 0.04 
6 CWC270 0.03 0.05 0.02 0.06 0.06 0.01 0.13 0.16 0.08 
7 DSP090 0.01 0.01 0.00 0.05 0.04 0.01 0.19 0.30 0.27 
8 DZC180 0.03 0.03 0.02 0.03 0.06 0.06 0.09 0.10 0.04 
9 DZC270 0.00 0.00 0.00 0.06 0.09 0.07 0.06 0.14 0.14 
10 H-BRA315 0.03 0.04 0.02 0.01 0.02 0.05 0.00 0.02 0.06 
11 HDA165 0.09 0.12 0.07 0.07 0.12 0.11 0.01 0.05 0.09 
12 H-DLT262 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 
13 H-DLT352 0.01 0.01 0.00 0.05 0.06 0.03 0.03 0.08 0.07 
14 H-E03140 0.03 0.03 0.01 0.09 0.13 0.10 0.12 0.23 0.25 
15 HECTOR-11625090 0.04 0.04 0.01 0.04 0.07 0.05 0.07 0.09 0.08 
16 HECTOR-21081360 0.04 0.04 0.01 0.02 0.02 0.02 0.01 0.01 0.01 
17 H-HVP225 0.04 0.06 0.03 0.05 0.11 0.13 0.06 0.09 0.14 
18 HSP090 0.01 0.01 0.00 0.12 0.19 0.15 0.23 0.42 0.41 
19 LDM334 0.05 0.06 0.03 0.14 0.24 0.21 0.24 0.38 0.34 
20 PTS315 0.09 0.12 0.08 0.05 0.09 0.10 0.03 0.05 0.08 
21 RRS318 0.05 0.05 0.02 0.07 0.12 0.11 0.04 0.04 0.01 
22 SCE018 0.00 0.00 0.00 0.06 0.12 0.11 0.08 0.17 0.16 
23 SCE288 0.01 0.00 0.01 0.12 0.15 0.15 0.53 0.75 0.73 
24 SLC270 0.00 0.00 0.00 0.02 0.05 0.05 0.05 0.20 0.22 
25 SLC360 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 
26 TCU038-N 0.01 0.01 0.00 0.06 0.07 0.03 0.21 0.30 0.23 
27 TCU042-E 0.01 0.01 0.00 0.02 0.02 0.01 0.05 0.08 0.06 
28 TCU042-N 0.02 0.02 0.01 0.06 0.08 0.06 0.10 0.18 0.18 
29 TCU050-E 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.01 
30 TCU051-E 0.01 0.01 0.00 0.05 0.07 0.04 0.10 0.12 0.12 
31 TCU055-E 0.01 0.01 0.00 0.09 0.11 0.07 0.18 0.28 0.22 
32 TCU055-N 0.01 0.01 0.00 0.00 0.01 0.02 0.01 0.01 0.02 
33 TCU056-E 0.01 0.01 0.00 0.06 0.08 0.05 0.09 0.18 0.17 
34 TCU056-N 0.01 0.00 0.00 0.00 0.01 0.01 0.04 0.03 0.00 
35 TCU122-E 0.01 0.01 0.03 0.07 0.09 0.05 0.14 0.21 0.15 
36 TCU122-N ! " # 0.30 0.43 0.37 0.72 0.99 0.96 
37 WVC000 "    0.12 0.18 0.15 0.15 0.21 0.20 
38 WVC270  "   0.19 0.33 0.30 0.29 0.46 0.49 
39 YER270 #  $ 0.13 0.19 0.16 0.42 0.55 0.51 
40 YER360    0.03 0.06 0.06 0.02 0.02 0.00 
Mean (µ) 0.03 0.04 0.02 0.07 0.11 0.09 0.13 0.21 0.19 
COV (σ/µ) 1.19 1.29 1.44 1.02 1.04 1.15 1.21 1.14 1.20 
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Table 7.27 Peak floor velocities of test structures with dampers under DBE ground 
motions 
ID. DBE record 
D100V structure 
(m/s) 
D75V structure 
(m/s) 
D60V structure 
(m/s) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-ICC000 0.26 0.49 0.59 0.24 0.46 0.62 0.28 0.54 0.71 
2 B-IVW360 0.15 0.28 0.32 0.16 0.31 0.38 0.17 0.34 0.42 
3 B-POE360 0.15 0.29 0.37 0.21 0.36 0.41 0.25 0.42 0.45 
4 CHY046-N 0.16 0.32 0.41 0.17 0.32    0.45 0.18 0.34 0.48 
5 CHY047-N 0.20 0.37 0.43 0.22 0.38 0.43 0.23 0.40 0.43 
6 CWC270 0.18 0.32 0.44 0.17 0.30 0.39 0.15 0.27 0.39 
7 DSP090 0.19 0.39 0.54 0.25 0.49 0.64 0.22 0.46 0.59 
8 DZC180 0.21 0.41 0.50 0.25 0.51 0.60 0.27 0.52 0.61 
9 DZC270 0.18 0.31 0.39 0.19 0.36 0.43 0.19 0.38 0.45 
10 H-BRA315 0.22 0.43 0.51 0.20 0.37 0.50 0.20 0.37 0.43 
11 HDA165 0.22 0.44 0.52 0.22 0.46 0.55 0.24 0.47 0.58 
12 H-DLT262 0.17 0.36 0.43 0.16 0.38 0.49 0.16 0.37 0.46 
13 H-DLT352 0.18 0.34 0.41 0.18 0.37 0.45 0.19 0.34 0.42 
14 H-E03140 0.17 0.31 0.39 0.19 0.37 0.47 0.23 0.44 0.60 
15 HECTOR-11625090 0.20 0.40 0.48 0.19 0.40 0.51 0.18 0.41 0.53 
16 HECTOR-21081360 0.16 0.30 0.38 0.19 0.34 0.42 0.16 0.32 0.40 
17 H-HVP225 0.16 0.29 0.35 0.18 0.34 0.43 0.19 0.38 0.49 
18 HSP090 0.15 0.27 0.35 0.17 0.34 0.48 0.21 0.44 0.61 
19 LDM334 0.18 0.34 0.44 0.23 0.44 0.54 0.25 0.49 0.59 
20 PTS315 0.19 0.37 0.45 0.20 0.43 0.57 0.21 0.44 0.61 
21 RRS318 0.14 0.26 0.37 0.18 0.31 0.44 0.20 0.37 0.50 
22 SCE018 0.24 0.48 0.58 0.26 0.50 0.61 0.27 0.50 0.60 
23 SCE288 0.22 0.44 0.51 0.20 0.41 0.57 0.20 0.46 0.69 
24 SLC270 0.21 0.41 0.51 0.21 0.44 0.58 0.24 0.48 0.68 
25 SLC360 0.17 0.32 0.43 0.17 0.31 0.42 0.19 0.35 0.41 
26 TCU038-N 0.16 0.30 0.36 0.17 0.34 0.41 0.15 0.31 0.40 
27 TCU042-E 0.17 0.29 0.36 0.20 0.34 0.41 0.20 0.36 0.43 
28 TCU042-N 0.18 0.32 0.41 0.20 0.38 0.44 0.20 0.40 0.52 
29 TCU050-E 0.16 0.29 0.38 0.18 0.33 0.39 0.18 0.31 0.40 
30 TCU051-E 0.16 0.30 0.36 0.19 0.34 0.42 0.18 0.34 0.44 
31 TCU055-E 0.17 0.29 0.36 0.17 0.30 0.37 0.17 0.34 0.41 
32 TCU055-N 0.17 0.34 0.40 0.18 0.34 0.43 0.19 0.38 0.49 
33 TCU056-E 0.13 0.26 0.29 0.15 0.28 0.36 0.16 0.31 0.46 
34 TCU056-N 0.13 0.29 0.35 0.15 0.28 0.36 0.17 0.34 0.43 
35 TCU122-E 0.15 0.28 0.31 0.19 0.36 0.43 0.20 0.37 0.44 
36 TCU122-N 0.16 0.31 0.37 0.17 0.32 0.45 0.21 0.41 0.58 
37 WVC000 0.19 0.36 0.41 0.21 0.41 0.48 0.20 0.40 0.54 
38 WVC270 0.19 0.35 0.48 0.25 0.46 0.61 0.27 0.51 0.64 
39 YER270 0.15 0.32 0.44 0.22 0.44 0.59 0.23 0.44 0.64 
40 YER360 0.16 0.29 0.33 0.16 0.33 0.41 0.21 0.41 0.53 
Mean (µ) 0.18 0.34 0.42 0.20 0.38 0.47 0.20 0.40 0.51 
COV (σ/µ) 0.17 0.19 0.18 0.15 0.16 0.17 0.17 0.17 0.18 
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Table 7.28 Peak floor accelerations of test structures with dampers under DBE ground 
motions 
ID. DBE record 
D100V structure 
(g) 
D75V structure 
(g) 
D60V structure 
(g) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-ICC000 0.45 0.47 0.60 0.47 0.48 0.59 0.42 0.40 0.53 
2 B-IVW360 0.27 0.31 0.40 0.25 0.29 0.39 0.26 0.29 0.35 
3 B-POE360 0.38 0.37 0.45 0.44 0.42 0.49 0.39 0.40 0.45 
4 CHY046-N 0.33 0.34 0.40 0.33 0.35 0.40 0.33 0.35 0.39 
5 CHY047-N 0.32 0.40 0.45 0.32 0.37 0.45 0.32 0.33 0.39 
6 CWC270 0.32 0.35 0.35 0.31 0.33 0.31 0.26 0.45 0.33 
7 DSP090 0.33 0.39 0.56 0.53 0.38 0.58 0.28 0.35 0.41 
8 DZC180 0.35 0.45 0.59 0.33 0.47 0.63 0.32 0.43 0.53 
9 DZC270 0.36 0.38 0.48 0.36 0.33 0.44 0.36 0.31 0.37 
10 H-BRA315 0.37 0.39 0.45 0.32 0.33 0.40 0.29 0.47 0.38 
11 HDA165 0.31 0.44 0.55 0.32 0.42 0.51 0.29 0.36 0.42 
12 H-DLT262 0.32 0.37 0.52 0.28 0.34 0.45 0.24 0.33 0.37 
13 H-DLT352 0.36 0.35 0.47 0.32 0.31 0.42 0.24 0.26 0.35 
14 H-E03140 0.37 0.39 0.47 0.33 0.40 0.50 0.36 0.38 0.51 
15 HECTOR-11625090 0.32 0.37 0.47 0.29 0.34 0.43 0.27 0.30 0.40 
16 HECTOR-21081360 0.32 0.35 0.43 0.34 0.33 0.45 0.26 0.52 0.35 
17 H-HVP225 0.38 0.39 0.48 0.33 0.35 0.46 0.28 0.32 0.40 
18 HSP090 0.29 0.35 0.44 0.29 0.31 0.48 0.34 0.32 0.47 
19 LDM334 0.39 0.43 0.54 0.36 0.47 0.55 0.34 0.38 0.48 
20 PTS315 0.37 0.40 0.52 0.35 0.38 0.49 0.27 0.34 0.42 
21 RRS318 0.34 0.36 0.43 0.51 0.39 0.49 0.34 0.36 0.47 
22 SCE018 0.37 0.49 0.56 0.39 0.46 0.60 0.37 0.41 0.50 
23 SCE288 0.38 0.41 0.49 0.36 0.42 0.47 0.36 0.37 0.47 
24 SLC270 0.34 0.41 0.57 0.29 0.37 0.48 0.28 0.48 0.46 
25 SLC360 0.28 0.38 0.41 0.28 0.35 0.44 0.26 0.28 0.35 
26 TCU038-N 0.28 0.31 0.44 0.28 0.28 0.38 0.24 0.27 0.34 
27 TCU042-E 0.34 0.37 0.46 0.30 0.40 0.43 0.32 0.36 0.41 
28 TCU042-N 0.33 0.37 0.50 0.33 0.33 0.47 0.31 0.30 0.42 
29 TCU050-E 0.32 0.35 0.41 0.27 0.63 0.42 0.26 0.26 0.36 
30 TCU051-E 0.31 0.34 0.35 0.33 0.33 0.37 0.34 0.41 0.36 
31 TCU055-E 0.32 0.35 0.42 0.27 0.34 0.40 0.26 0.33 0.38 
32 TCU055-N 0.33 0.37 0.46 0.31 0.35 0.48 0.26 0.32 0.45 
33 TCU056-E 0.40 0.29 0.34 0.25 0.27 0.37 0.24 0.26 0.37 
34 TCU056-N 0.32 0.35 0.41 0.26 0.31 0.40 0.26 0.33 0.39 
35 TCU122-E 0.43 0.46 0.40 0.34 0.34 0.46 0.32 0.31 0.38 
36 TCU122-N 0.41 0.41 0.48 0.42 0.40 0.50 0.39 0.35 0.45 
37 WVC000 0.32 0.37 0.44 0.28 0.35 0.42 0.31 0.39 0.41 
38 WVC270 0.37 0.40 0.55 0.41 0.45 0.61 0.34 0.39 0.54 
39 YER270 0.34 0.40 0.49 0.38 0.39 0.50 0.38 0.37 0.46 
40 YER360 0.29 0.36 0.41 0.33 0.35 0.44 0.31 0.38 0.44 
Mean (µ) 0.34 0.38 0.47 0.34 0.37 0.47 0.31 0.36 0.42 
COV (σ/µ) 0.12 0.11 0.14 0.20 0.18 0.15 0.16 0.17 0.14 
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Table 7.29 Peak base shear of test structures with dampers under DBE ground motions 
ID. DBE record 
D100V D75V D60V 
MRF DBF MRF+DBF MRF DBF MRF+DBF MRF DBF MRF+DBF 
1 B-ICC000 603.6 557.5 1158.5 680.6 603.2 1283.4 718.2 651.2 1369.0 
2 B-IVW360 379.4 363.5 706.5 455.5 401.6 823.9 544.2 451.1 992.7 
3 B-POE360 419.2 421.2 823.4 418.2 417.8 820.3 458.6 444.6 880.1 
4 CHY046-N 458.0 408.2 860.4 572.1 512.6 1072.7 653.8 579.6 1232.7 
5 CHY047-N 310.8 396.7 677.6 457.2 399.4 845.2 545.9 462.7 1002.1 
6 CWC270 380.0 390.8 755.2 455.3 405.3 830.8 524.9 462.2 978.4 
7 DSP090 536.8 491.3 1020.2 590.8 520.6 1108.0 624.7 560.8 1183.9 
8 DZC180 469.7 487.6 936.9 461.4 444.6 896.4 363.4 374.2 723.7 
9 DZC270 337.5 355.5 680.0 376.8 375.0 712.8 423.0 391.0 785.0 
10 H-BRA315 440.5 385.6 817.7 514.7 448.1 959.2 505.8 430.0 932.0 
11 HDA165 531.3 493.9 1006.8 563.4 495.2 1056.8 593.9 533.6 1120.1 
12 H-DLT262 366.9 385.1 698.4 470.5 419.7 882.3 496.8 451.9 941.1 
13 H-DLT352 407.5 391.2 773.0 478.6 423.0 890.5 502.4 466.3 955.3 
14 H-E03140 477.0 435.3 902.4 551.9 487.4 1034.5 598.7 527.8 1124.5 
15 HECTOR-11625090 458.0 397.5 828.6 549.6 474.6 1022.8 629.4 565.8 1194.2 
16 HECTOR-21081360 422.5 429.0 833.9 405.9 417.2 805.8 410.8 398.4 768.8 
17 H-HVP225 552.1 499.6 1042.1 620.4 560.4 1178.5 654.5 617.3 1268.2 
18 HSP090 375.6 398.3 747.0 409.7 403.0 770.0 488.3 427.1 913.2 
19 LDM334 303.7 315.0 606.8 381.1 353.5 729.7 456.0 407.9 848.9 
20 PTS315 568.0 516.9 1078.3 630.1 560.6 1189.8 635.8 565.4 1199.6 
21 RRS318 378.4 384.0 747.3 415.1 379.6 784.8 495.9 417.3 907.1 
22 SCE018 414.9 378.7 753.3 522.2 422.0 942.7 597.4 512.9 1110.2 
23 SCE288 584.6 506.2 1088.2 644.4 613.3 1256.6 689.5 661.2 1338.4 
24 SLC270 515.8 458.8 967.9 604.0 524.5 1125.6 641.6 601.5 1241.5 
25 SLC360 365.0 370.6 720.3 415.2 397.8 790.2 440.2 386.4 812.1 
26 TCU038-N 372.6 384.3 740.3 387.0 400.9 775.2 440.1 409.8 839.4 
27 TCU042-E 380.1 383.9 741.6 440.0 426.5 841.6 508.2 464.6 946.9 
28 TCU042-N 450.5 410.6 844.9 512.2 466.0 972.6 553.4 498.9 1047.2 
29 TCU050-E 384.6 369.9 736.4 416.0 389.8 781.3 459.4 401.4 838.6 
30 TCU051-E 352.0 355.3 690.5 442.6 396.3 807.8 530.6 431.9 935.7 
31 TCU055-E 361.9 380.9 727.7 433.5 433.9 851.3 474.7 458.7 914.3 
32 TCU055-N 374.0 360.7 701.0 450.4 399.5 824.8 484.3 429.1 897.6 
33 TCU056-E 319.1 340.8 640.4 366.3 360.8 700.6 394.5 396.2 776.4 
34 TCU056-N 332.9 331.3 654.0 429.9 390.2 774.7 501.9 419.2 904.4 
35 TCU122-E 227.7 268.8 485.7 470.5 419.2 845.8 524.2 444.1 949.4 
36 TCU122-N 572.3 503.5 1072.2 670.7 615.8 1284.4 721.0 738.4 1450.6 
37 WVC000 359.4 327.5 676.7 463.1 394.2 848.1 545.4 466.3 1003.0 
38 WVC270 476.7 464.3 923.9 601.3 529.2 1127.6 669.7 625.9 1293.6 
39 YER270 565.3 507.0 1067.2 631.9 561.0 1191.1 679.7 638.5 1315.1 
40 YER360 392.3 427.8 796.6 437.2 419.9 830.0 497.4 444.9 926.5 
Mean (µ) 424.5 410.9 818.2 493.0 450.0 928.1 541.9 490.4 1021.5 
COV (σ/µ) 0.21 0.16 0.19 0.18 0.16 0.18 0.17 0.19 0.18 
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Table 7.30 Peak damper forces of test structures with dampers under DBE ground 
motions 
ID. DBE record 
D100V structure 
(kN) 
D75V structure 
(kN) 
D60V structure 
(kN) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-ICC000 324.4 332.5 323.1 361.6 287.5 264.6 297.1 283.6 258.0 
2 B-IVW360 278.9 270.8 263.5 265.9 308.9 278.0 288.0 287.0 314.9 
3 B-POE360 273.6 291.1 275.5 265.5 283.9 301.3 267.1 295.5 311.0 
4 CHY046-N 276.6 302.9 254.3 280.3 292.2 256.8 298.5 257.7 298.4 
5 CHY047-N 300.4 308.7 289.0 316.5 319.3 293.8 274.2 270.6 297.4 
6 CWC270 284.1 300.2 247.5 276.5 270.7 278.2 274.5 301.8 319.3 
7 DSP090 300.4 312.6 318.9 299.3 292.4 289.1 294.0 297.3 346.1 
8 DZC180 307.7 314.5 313.5 280.1 258.1 258.0 258.0 280.2 282.5 
9 DZC270 293.9 291.1 289.0 282.4 260.1 257.1 284.7 293.2 289.9 
10 H-BRA315 309.9 325.9 306.0 319.7 272.1 265.3 321.8 312.2 263.9 
11 HDA165 311.7 322.8 312.9 323.0 287.7 272.7 340.4 331.4 356.9 
12 H-DLT262 291.0 307.0 287.8 297.3 260.4 279.2 285.8 306.6 298.2 
13 H-DLT352 292.8 292.7 289.7 306.9 273.9 266.2 280.5 274.1 256.0 
14 H-E03140 287.4 296.6 287.3 297.7 341.8 330.2 303.2 344.7 279.5 
15 HECTOR-11625090 302.6 319.0 298.8 336.0 277.6 328.2 293.2 368.0 293.4 
16 HECTOR-21081360 282.7 288.6 272.2 453.9 257.6 282.4 281.7 307.6 287.8 
17 H-HVP225 284.2 275.8 266.5 268.3 275.7 254.7 283.4 274.7 311.3 
18 HSP090 276.6 282.3 267.7 282.5 322.2 257.3 271.3 372.8 301.8 
19 LDM334 295.0 302.7 301.0 258.0 373.0 258.0 267.8 312.5 323.1 
20 PTS315 298.7 302.5 293.6 297.4 267.8 258.0 354.3 349.2 265.5 
21 RRS318 263.8 284.8 248.6 253.4 265.2 305.7 283.3 323.6 305.9 
22 SCE018 319.4 334.6 320.3 267.9 292.8 298.1 264.3 258.0 324.0 
23 SCE288 257.3 258.0 258.0 293.0 324.7 328.7 295.5 277.6 282.8 
24 SLC270 256.6 258.0 258.0 294.0 265.3 266.3 370.7 338.8 282.3 
25 SLC360 247.5 257.5 241.6 294.8 277.9 261.4 281.1 294.8 309.6 
26 TCU038-N 249.2 250.0 248.0 285.8 269.7 254.8 298.1 336.5 292.1 
27 TCU042-E 250.9 251.6 254.9 315.2 300.4 309.5 257.0 265.7 257.6 
28 TCU042-N 252.1 254.9 256.7 264.9 298.9 349.2 300.2 258.0 258.0 
29 TCU050-E 247.8 253.5 247.9 313.2 262.0 341.1 305.6 274.7 261.6 
30 TCU051-E 245.7 252.0 242.6 253.1 296.0 277.2 294.3 318.5 403.4 
31 TCU055-E 249.2 250.2 246.7 276.5 303.0 293.7 289.2 322.0 299.5 
32 TCU055-N 250.3 256.5 250.7 274.4 303.9 293.2 304.9 305.3 281.5 
33 TCU056-E 238.8 243.0 219.0 278.9 253.0 288.5 274.2 259.1 290.3 
34 TCU056-N 239.2 252.7 231.0 254.5 287.1 288.5 444.5 288.0 271.5 
35 TCU122-E 172.7 340.1 203.2 282.8 300.7 306.9 322.4 265.8 319.1 
36 TCU122-N 281.1 291.6 265.7 273.6 318.2 297.2 311.0 307.5 315.5 
37 WVC000 299.3 303.7 291.2 281.1 280.3 326.8 278.5 324.3 297.6 
38 WVC270 297.3 309.1 313.0 317.2 296.6 315.1 306.0 330.2 323.1 
39 YER270 278.6 297.1 298.9 303.8 266.6 323.6 257.9 258.0 266.7 
40 YER360 282.3 275.6 260.5 312.5 273.5 273.1 289.0 323.7 333.2 
Mean (µ) 276.3 287.9 272.8 294.3 287.9 289.0 296.2 301.3 298.3 
COV (σ/µ) 0.10 0.10 0.11 0.12 0.09 0.09 0.12 0.10 0.10 
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Table 7.31 Peak story drift ratios of test structures with dampers under MCE ground 
motions 
ID. MCE record 
D100V structure 
(% rad) 
D75V structure 
(% rad) 
D60V structure 
(% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-IVW360 0.95 1.24 1.21 1.31 1.62 1.38 1.87 2.42 2.12 
2 B-POE360 0.99 1.17 1.18 1.08 1.32 1.51 1.42 1.80 1.80 
3 CHY046-N 1.32 1.50 1.18 1.86 2.26 1.92 2.14 2.73 2.63 
4 CWC270 0.97 1.11 0.89 1.40 1.68 1.34 1.78 2.20 1.82 
5 DSP090 1.74 2.17 1.83 2.24 2.85 2.52 2.39 3.13 2.97 
6 DZC180 1.07 1.37 1.48 1.53 1.81 1.51 2.04 2.54 2.11 
7 DZC270 1.27 1.77 1.63 1.52 2.11 1.89 1.72 2.47 2.27 
8 H-BRA315 1.63 1.97 1.66 2.06 2.48 2.17 2.43 2.94 2.75 
9 HDA165 1.40 1.87 1.62 1.77 2.31 2.18 2.15 2.87 2.72 
10 H-DLT262 0.97 1.17 1.31 1.11 1.40 1.24 1.08 1.42 1.35 
11 H-DLT352 1.16 1.38 1.24 1.62 1.90 1.60 2.38 2.84 2.39 
12 H-E03140 1.26 1.75 1.78 1.47 2.08 2.26 2.10 2.64 2.76 
13 H-ECC002 1.45 1.66 1.26 2.45 2.89 2.40 3.18 3.80 3.49 
14 H-ECC092 1.67 2.25 2.03 2.05 2.64 2.43 3.09 3.70 3.62 
15 HECTOR-
21081090 
1.16 1.42 1.15 1.56 1.98 1.69 1.87 2.46 2.21 
16 HECTOR-
22170090 
1.78 2.29 1.99 2.62 3.33 3.14 3.24 4.28 4.53 
17 H-HVP225 1.78 2.25 1.97 2.28 2.86 2.62 2.64 3.32 3.21 
18 H-HVP315 1.40 1.63 1.27 2.26 2.57 2.02 3.09 3.46 2.88 
19 HSP000 1.76 2.24 2.02 2.06 2.48 2.04 2.40 2.83 2.34 
20 HSP090 1.17 1.49 1.26 1.71 2.49 2.49 1.62 2.53 2.66 
21 JOS090 1.02 1.15 0.95 1.54 2.13 2.03 1.94 2.84 2.92 
22 NORTHR5082-235 1.23 1.36 1.09 1.99 2.33 1.90 2.72 3.22 2.95 
23 PTS315 1.81 2.50 2.35 2.11 2.76 2.53 2.36 2.98 2.87 
24 RRS318 1.57 1.89 1.59 1.69 2.10 2.05 1.80 2.24 2.34 
25 SCE018 1.11 1.37 1.29 1.64 1.85 1.68 2.14 2.58 2.12 
26 SCE288 1.91 2.17 1.76 2.82 3.42 3.20 3.05 4.01 4.31 
27 STG000 1.50 1.86 1.74 1.88 2.65 2.97 2.12 2.90 2.55 
28 STG090 1.21 1.40 1.20 1.72 2.10 1.74 2.09 2.49 2.03 
29 TCU038-N 1.06 1.20 1.13 1.82 2.08 1.71 2.27 2.74 2.52 
30 TCU042-E 1.01 1.24 1.25 1.23 1.62 1.64 1.51 1.88 2.00 
31 TCU051-E 1.33 1.55 1.21 2.23 2.57 2.06 3.19 3.65 3.18 
32 TCU055-N 1.06 1.28 1.03 1.54 2.09 2.11 2.18 2.59 2.55 
33 TCU056-E 1.21 1.42 1.11 1.71 2.19 1.88 2.28 3.06 2.95 
34 TCU056-N 1.03 1.33 1.22 1.41 1.89 1.81 1.66 2.34 2.31 
35 TCU122-E 1.07 1.34 1.34 1.32 1.73 1.48 1.54 1.95 1.77 
36 WPI316 1.97 2.23 1.76 2.43 2.77 2.26 2.44 2.87 2.59 
37 WVC000 1.98 2.22 1.74 2.23 2.66 2.25 2.56 2.94 2.68 
38 WVC270 1.47 1.83 1.53 2.65 3.33 3.06 3.04 3.86 3.62 
39 YER270 1.63 1.71 1.24 2.92 3.60 3.22 3.98 5.10 4.90 
40 YER360 1.38 1.61 1.27 1.67 2.15 1.93 2.25 2.81 2.52 
Mean (µ) 1.38 1.68 1.47 1.86 2.33 2.10 2.29 2.88 2.70 
COV (σ/µ) 0.23 0.23 0.23 0.25 0.24 0.25 0.27 0.25 0.28 
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Table 7.32 Residual story drift ratios of test structures with dampers under MCE ground 
motions 
ID. MCE record 
D100V structure 
(% rad) 
D75V structure 
(% rad) 
D60V structure 
(% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-IVW360 0.05 0.09 0.08 0.10 0.18 0.19 0.35 0.45 0.47 
2 B-POE360 0.09 0.14 0.07 0.12 0.22 0.23 0.23 0.38 0.40 
3 CHY046-N 0.07 0.06 0.03 0.48 0.60 0.54 0.67 0.87 0.91 
4 CWC270 0.07 0.05 0.04 0.33 0.45 0.34 0.52 0.71 0.66 
5 DSP090 0.28 0.26 0.13 0.76 0.96 0.92 1.01 1.30 1.30 
6 DZC180 0.07 0.16 0.20 0.27 0.26 0.13 0.74 0.92 0.77 
7 DZC270 0.12 0.24 0.26 0.04 0.06 0.10 0.03 0.07 0.12 
8 H-BRA315 0.00 0.00 0.32 0.30 0.32 0.35 0.54 0.58 0.65 
9 HDA165 0.10 0.18 0.22 0.07 0.08 0.15 0.35 0.41 0.48 
10 H-DLT262 0.01 0.02 0.04 0.03 0.05 0.03 0.04 0.05 0.03 
11 H-DLT352 0.07 0.11 0.09 0.15 0.15 0.16 0.51 0.55 0.52 
12 H-E03140 0.22 0.36 0.35 0.27 0.46 0.53 0.57 0.79 0.85 
13 H-ECC002 0.08 0.14 0.08 0.33 0.32 0.25 1.10 1.22 1.18 
14 H-ECC092 0.37 0.54 0.54 0.40 0.57 0.54 1.02 1.26 1.34 
15 HECTOR-
21081090 
0.02 0.03 0.04 0.08 0.07 0.04 0.06 0.11 0.12 
16 HECTOR-
22170090 
0.08 0.10 0.09 0.97 1.18 1.16 1.97 2.51 2.61 
17 H-HVP225 0.22 0.27 0.30 0.40 0.46 0.54 0.36 0.43 0.59 
18 H-HVP315 0.17 0.23 0.20 0.66 0.71 0.62 1.35 1.42 1.32 
19 HSP000 0.03 0.14 0.14 0.00 0.20 0.25 0.21 0.05 0.00 
20 HSP090 0.17 0.27 0.23 0.55 0.88 0.94 0.49 0.82 0.93 
21 JOS090 
 0.12  0.18  0.24  0.23 0.31 0.26 0.56 0.83 0.91 
22 NORTHR5082-235 0.09 0.15 0.12 0.26 0.19 0.14 1.05 1.17 1.13 
23 PTS315 0.24 0.30 0.35 0.35 0.37 0.40 1.32 1.64 1.47 
24 RRS318 0.09 0.10 0.17 0.08 0.14 0.05 0.52 0.68 0.55 
25 SCE018 0.16 0.27 0.22 0.14 0.38 0.40 0.08 0.01 0.03 
26 SCE288 0.22 0.18 0.19 1.28 1.48 1.48 1.82 2.39 2.57 
27 STG000 0.38 0.55 0.51 0.67 1.07 1.24 1.97 2.39 0.52 
28 STG090 1.10 1.36 0.35 0.25 0.31 0.32 0.28 0.28 0.24 
29 TCU038-N 0.12 0.18 0.14 0.48 0.57 0.49 0.96 1.20 1.14 
30 TCU042-E 0.10 0.11 0.06 0.15 0.21 0.17 0.21 0.30 0.31 
31 TCU051-E 0.13 0.17 0.13 0.46 0.52 0.42 0.92 1.05 1.02 
32 TCU055-N 0.04 0.07 0.06 0.14 0.23 0.26 0.50 0.59 0.63 
33 TCU056-E 0.06 0.09 0.08 0.29 0.37 0.37 0.80 1.03 1.08 
34 TCU056-N 0.05 0.10 0.10 0.04 0.05 0.00 0.05 0.04 0.05 
35 TCU122-E 0.14 0.22 0.20 0.24 0.38 0.34 0.32 0.47 0.43 
36 WPI316 0.64 0.75 0.60 1.04 1.20 1.03 0.92 1.06 0.99 
37 WVC000 0.40 0.42 0.36 0.57 0.61 0.57 0.88 1.01 0.99 
38 WVC270 0.25 0.37 0.35 0.97 1.16 1.20 1.18 1.37 1.43 
39 YER270 0.39 0.31 0.03 1.32 1.59 1.57 2.52 3.02 3.09 
40 YER360 0.00 0.01 0.02 0.08 0.02 0.01 0.50 0.59 0.53 
Mean (µ) 0.18 0.24 0.20 0.38 0.47 0.46 0.71 0.86 0.82 
COV (σ/µ) 1.14 1.03 0.76 0.91 0.87 0.90 0.82 0.83 0.84 
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Table 7.33 Peak floor velocities of test structures with dampers under MCE ground 
motions 
ID. MCE record 
D100V structure 
(m/s) 
D75V structure 
(m/s) 
D60V structure 
(m/s) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-IVW360 0.24 0.46 0.62 0.25 0.50 0.66 0.27 0.55 0.71 
2 B-POE360 0.28 0.53 0.63 0.37 0.64 0.72 0.42 0.72 0.78 
3 CHY046-N 0.25 0.52 0.69 0.24 0.48 0.69 0.27 0.59 0.81 
4 CWC270 0.28 0.48 0.65 0.25 0.42 0.58 0.24 0.45 0.70 
5 DSP090 0.32 0.67 0.96 0.32 0.67 0.91 0.32 0.66 0.95 
6 DZC180 0.34 0.69 0.89 0.38 0.79 0.95 0.38 0.71 0.86 
7 DZC270 0.29 0.54 0.71 0.28 0.55 0.71 0.30 0.56 0.73 
8 H-BRA315 0.30 0.62 0.77 0.28 0.49 0.66 0.32 0.53 0.75 
9 HDA165 0.33 0.71 0.89 0.35 0.74 0.95 0.38 0.78 1.06 
10 H-DLT262 0.26 0.56 0.83 0.26 0.54 0.77 0.24 0.54 0.74 
11 H-DLT352 0.27 0.55 0.75 0.30 0.51 0.68 0.28 0.53 0.73 
12 H-E03140 0.28 0.55 0.74 0.32 0.64 0.91 0.40 0.75 1.08 
13 H-ECC002 0.28 0.55 0.76 0.28 0.60 0.78 0.29 0.55 0.80 
14 H-ECC092 0.29 0.59 0.85 0.34 0.70 0.97 0.40 0.82 1.14 
15 HECTOR-21081090 0.26 0.45 0.58 0.30 0.54 0.62 0.28 0.48 0.64 
16 HECTOR-22170090 0.30 0.60 0.82 0.30 0.60 0.86 0.37 0.74 1.08 
17 H-HVP225 0.27 0.50 0.68 0.29 0.58 0.81 0.28 0.63 0.89 
18 H-HVP315 0.24 0.48 0.66 0.32 0.61 0.75 0.32 0.63 0.87 
19 HSP000 0.28 0.60 0.90 0.34 0.70 1.04 0.36 0.77 1.05 
20 HSP090 0.22 0.44 0.64 0.30 0.62 0.92 0.31 0.68 0.95 
21 JOS090 0.19 0.36 0.55 0.28 0.55 0.77 0.32 0.63 0.88 
22 NORTHR5082-235 0.41 0.74 0.88 0.42 0.64 0.81 0.33 0.62 0.71 
23 PTS315 0.30 0.62 0.91 0.28 0.65 0.96 0.34 0.65 0.74 
24 RRS318 0.24 0.42 0.59 0.26 0.55 0.75 0.32 0.61 0.82 
25 SCE018 0.39 0.77 0.94 0.39 0.77 0.95 0.39 0.72 0.87 
26 SCE288 0.29 0.62 0.74 0.30 0.70 0.96 0.38 0.85 1.18 
27 STG000 0.35 0.60 0.73 0.47 0.80 0.99 0.50 0.86 1.03 
28 STG090 0.42 0.76 0.94 0.44 0.82 0.96 0.42 0.75 0.86 
29 TCU038-N 0.26 0.50 0.67 0.23 0.49 0.64 0.24 0.51 0.70 
30 TCU042-E 0.28 0.50 0.65 0.30 0.56 0.67 0.32 0.59 0.71 
31 TCU051-E 0.26 0.49 0.63 0.27 0.50 0.63 0.30 0.54 0.75 
32 TCU055-N 0.28 0.52 0.69 0.28 0.55 0.80 0.31 0.64 0.88 
33 TCU056-E 0.22 0.44 0.51 0.23 0.43 0.70 0.24 0.52 0.79 
34 TCU056-N 0.23 0.40 0.55 0.24 0.49 0.69 0.26 0.56 0.75 
35 TCU122-E 0.25 0.46 0.62 0.28 0.51 0.64 0.29 0.53 0.64 
36 WPI316 0.28 0.58 0.83 0.25 0.57 0.83 0.27 0.57 0.84 
37 WVC000 0.32 0.63 0.78 0.31 0.62 0.80 0.29 0.68 0.85 
38 WVC270 0.30 0.61 0.85 0.39 0.74 1.00 0.40 0.78 1.00 
39 YER270 0.24 0.54 0.81 0.31 0.63 0.96 0.38 0.78 1.18 
40 YER360 0.25 0.49 0.65 0.28 0.59 0.81 0.31 0.67 0.89 
Mean (µ) 0.29 0.56 0.74 0.31 0.60 0.81 0.33 0.64 0.86 
COV (σ/µ) 0.16 0.17 0.16 0.18 0.17 0.16 0.19 0.17 0.17 
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Table 7.34 Peak floor accelerations of test structures with dampers under MCE ground 
motions 
ID. DBE 
D100V structure 
(g) 
D75V structure 
(g) 
D60V structure 
(g) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-IVW360 0.42 0.50 0.72 0.41 0.46 0.64 0.41 0.46 0.62 
2 B-POE360 0.68 0.74 0.91 0.69 0.69 0.79 0.60 0.62 0.70 
3 CHY046-N 0.47 0.55 0.60 0.46 0.54 0.56 0.45 0.57 0.56 
4 CWC270 0.47 0.64 0.66 0.44 0.44 0.47 0.47 0.38 0.45 
5 DSP090 0.50 0.64 0.82 0.49 0.54 0.60 0.47 0.45 0.52 
6 DZC180 0.56 0.66 0.91 0.53 0.65 0.84 0.49 0.54 0.68 
7 DZC270 0.53 0.60 0.80 0.60 0.52 0.63 0.51 0.49 0.54 
8 H-BRA315 0.55 0.62 0.70 0.41 0.45 0.56 0.40 0.41 0.54 
9 HDA165 0.50 0.62 0.75 0.53 0.60 0.61 0.50 0.53 0.55 
10 H-DLT262 0.48 0.72 0.82 0.43 0.63 0.68 0.44 0.46 0.65 
11 H-DLT352 0.55 0.54 0.86 0.48 0.45 0.55 0.41 0.36 0.48 
12 H-E03140 0.59 0.64 0.85 0.54 0.55 0.74 0.55 0.53 0.71 
13 H-ECC002 0.47 0.53 0.72 0.44 0.48 0.58 0.45 0.41 0.52 
14 H-ECC092 0.61 0.67 0.83 0.52 0.49 0.62 0.48 0.44 0.52 
15 HECTOR-21081090 0.54 0.70 0.74 0.49 0.47 0.57 0.41 0.40 0.52 
16 HECTOR-22170090 0.61 0.59 0.76 0.59 0.51 0.62 0.57 0.48 0.60 
17 H-HVP225 0.57 0.55 0.71 0.43 0.43 0.57 0.47 0.40 0.51 
18 H-HVP315 0.61 0.64 0.78 0.53 0.55 0.61 0.48 0.48 0.44 
19 HSP000 0.58 0.73 0.79 0.52 0.54 0.75 0.42 0.43 0.65 
20 HSP090 0.47 0.51 0.66 0.46 0.43 0.65 0.42 0.43 0.54 
21 JOS090 0.57 0.68 0.72 0.52 0.53 0.65 0.50 0.49 0.59 
22 NORTHR5082-235 0.74 0.73 0.83 0.61 0.61 0.64 0.54 0.56 0.53 
23 PTS315 0.76 0.55 0.82 0.41 0.47 0.63 0.58 0.65 0.66 
24 RRS318 0.55 0.63 0.68 0.44 0.48 0.66 0.46 0.46 0.59 
25 SCE018 0.63 0.76 0.93 0.63 0.69 0.77 0.48 0.52 0.57 
26 SCE288 0.59 0.60 0.69 0.48 0.53 0.61 0.52 0.52 0.60 
27 STG000 0.80 0.77 0.85 0.78 0.75 0.79 0.62 0.62 0.57 
28 STG090 0.79 0.94 0.73 0.66 0.74 0.90 0.60 0.65 0.71 
29 TCU038-N 0.44 0.51 0.78 0.56 0.41 0.53 0.39 0.37 0.50 
30 TCU042-E 0.54 0.64 0.79 0.52 0.76 0.68 0.53 0.53 0.60 
31 TCU051-E 0.55 0.58 0.65 0.53 0.52 0.61 0.51 0.47 0.50 
32 TCU055-N 0.56 0.62 0.74 0.49 0.61 0.68 0.40 0.43 0.61 
33 TCU056-E 0.40 0.45 0.60 0.37 0.42 0.50 0.35 0.39 0.50 
34 TCU056-N 0.51 0.66 0.71 0.42 0.47 0.60 0.50 0.60 0.56 
35 TCU122-E 0.50 0.58 0.76 0.46 0.45 0.58 0.46 0.41 0.47 
36 WPI316 0.52 0.53 0.70 0.52 0.47 0.57 0.46 0.40 0.50 
37 WVC000 0.55 0.71 0.80 0.43 0.50 0.54 0.41 0.49 0.52 
38 WVC270 0.61 0.61 0.81 0.63 0.58 0.74 0.49 0.53 0.58 
39 YER270 0.59 0.62 0.75 0.57 0.55 0.59 0.57 0.49 0.52 
40 YER360 0.46 0.55 0.73 0.47 0.52 0.70 0.44 0.64 0.60 
Mean (µ) 0.56 0.63 0.76 0.51 0.54 0.64 0.48 0.48 0.56 
COV (σ/µ) 0.17 0.15 0.11 0.17 0.17 0.14 0.13 0.16 0.12 
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Table 7.35 Peak base shear of test structures with dampers under MCE ground motions 
ID. MCE record 
D100V structure 
(kN) 
D75V structure 
(kN) 
D60V structure 
(kN) 
MRF DBF MRF+DBF MRF DBF MRF+DBF MRF DBF MRF+DBF 
1 B-IVW360 546.2 474.2 1011.9 632.5 574.4 1206.7 677.1 706.1 1382.7 
2 B-POE360 553.1 508.1 1057.2 606.7 581.9 1187.6 664.4 610.7 1274.3 
3 CHY046-N 650.9 610.1 1260.9 697.3 755.7 1450.2 743.5 808.2 1551.4 
4 CWC270 534.7 477.9 968.3 626.3 564.5 1187.0 672.1 657.2 1311.4 
5 DSP090 678.8 679.5 1357.6 679.8 724.0 1398.5 684.1 732.3 1407.7 
6 DZC180 644.9 627.4 1271.8 565.2 463.1 1025.5 546.0 465.3 919.6 
7 DZC270 488.2 440.3 920.6 583.2 506.9 1083.2 636.0 539.3 1171.4 
8 H-BRA315 245.7 291.0 477.1 641.8 529.2 1170.4 606.6 496.9 1086.5 
9 HDA165 634.6 625.0 1258.1 668.6 646.8 1314.9 685.7 697.3 1369.1 
10 H-DLT262 538.5 488.7 1021.6 621.5 573.6 1194.0 628.7 592.8 1221.4 
11 H-DLT352 570.7 500.7 1070.3 632.5 578.1 1210.1 625.5 542.2 1142.2 
12 H-E03140 638.1 588.7 1226.8 682.0 684.1 1362.7 716.4 697.5 1396.3 
13 H-ECC002 600.9 538.5 1127.7 621.9 613.7 1219.4 635.2 615.4 1234.0 
14 H-ECC092 673.9 638.2 1311.9 701.4 724.2 1381.5 720.0 752.4 1456.5 
15 HECTOR-21081090 611.7 568.1 1173.1 689.5 654.7 1343.9 734.3 763.2 1494.5 
16 HECTOR-22170090 692.6 692.6 1365.4 751.4 812.8 1547.5 799.2 853.2 1641.5 
17 H-HVP225 692.1 678.1 1363.2 711.3 785.8 1493.8 721.2 797.0 1517.6 
18 H-HVP315 570.1 498.6 1067.0 661.4 620.9 1282.2 706.8 715.8 1421.6 
19 HSP000 658.5 634.5 1284.4 657.7 719.5 1376.0 683.6 741.7 1417.5 
20 HSP090 518.6 512.9 1003.5 610.8 549.3 1154.0 660.2 628.0 1285.5 
21 JOS090 562.6 532.5 1095.1 685.2 608.8 1289.4 683.0 557.6 1240.5 
22 NORTHR5082-235 525.4 513.0 1035.6 577.2 472.0 1044.6 571.8 446.4 1010.9 
23 PTS315 690.7 687.3 1355.1 695.9 733.0 1415.3 702.5 657.9 1360.2 
24 RRS318 562.3 503.0 1063.8 612.1 557.6 1128.7 677.1 646.3 1303.5 
25 SCE018 605.5 511.2 1114.5 673.8 690.7 1364.1 713.7 778.0 1491.2 
26 SCE288 702.8 793.6 1495.9 719.6 804.9 1521.4 780.7 845.4 1623.6 
27 STG000 715.2 735.4 1448.0 782.0 740.7 1494.6 771.0 762.1 1514.4 
28 STG090 653.8 607.3 1259.3 691.1 672.1 1359.7 712.9 736.8 1449.3 
29 TCU038-N 520.8 465.4 971.2 593.3 544.6 1133.2 632.9 574.1 1206.7 
30 TCU042-E 566.4 522.6 1088.6 642.4 592.2 1234.7 694.6 675.9 1358.8 
31 TCU051-E 550.2 496.6 1043.3 615.2 551.3 1166.4 626.2 683.6 1308.9 
32 TCU055-N 502.6 478.5 981.1 605.7 532.7 1137.0 620.5 505.1 1094.1 
33 TCU056-E 483.2 431.1 908.7 548.5 500.4 1024.2 599.6 543.6 1141.5 
34 TCU056-N 507.8 452.4 960.0 597.0 501.4 1098.4 644.6 571.0 1213.7 
35 TCU122-E 526.7 469.7 983.9 612.5 542.0 1136.6 668.9 631.1 1295.7 
36 WPI316 674.9 719.9 1385.1 702.2 787.2 1487.9 728.3 807.4 1533.3 
37 WVC000 584.4 457.2 1021.9 639.2 584.8 1224.0 685.5 693.7 1379.0 
38 WVC270 654.9 639.5 1292.4 710.7 780.7 1491.2 723.7 810.6 1527.9 
39 YER270 689.8 704.7 1391.1 738.6 806.7 1536.7 796.1 849.5 1623.6 
40 YER360 589.5 529.3 1116.6 638.0 587.9 1224.9 637.7 536.0 1171.2 
Mean (µ) 593.3 560.9 1145.6 653.1 631.4 1277.5 679.9 668.4 1338.2 
COV (σ/µ) 0.15 0.19 0.17 0.08 0.16 0.12 0.09 0.17 0.13 
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Table 7.36 Peak damper forces of test structures with dampers under MCE ground 
motions 
ID. DBE 
D100V structure 
(kN) 
D75V structure 
(kN) 
D60V structure 
(kN) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-IVW360 282.5 313.1 278.8 299.0 325.9 317.2 329.6 383.7 352.7 
2 B-POE360 272.1 278.8 258.0 337.6 382.4 297.7 323.2 363.1 347.0 
3 CHY046-N 258.0 331.2 258.0 340.9 297.3 297.3 386.0 337.7 395.7 
4 CWC270 286.1 291.6 281.6 292.0 359.3 317.6 322.6 352.0 347.9 
5 DSP090 332.9 367.4 297.7 344.3 406.6 324.0 540.9 465.9 432.5 
6 DZC180 345.4 386.8 354.5 335.0 297.7 297.7 318.8 329.0 309.6 
7 DZC270 306.8 274.4 342.8 331.8 339.4 334.6 316.8 377.5 352.9 
8 H-BRA315 299.5 258.0 390.6 306.6 309.3 336.8 310.6 301.9 297.6 
9 HDA165 345.7 354.7 353.8 321.4 318.0 380.0 337.7 386.7 328.5 
10 H-DLT262 258.0 325.5 279.7 351.0 353.4 434.0 320.4 400.6 349.0 
11 H-DLT352 317.8 323.2 287.8 429.6 324.1 383.4 359.1 306.9 336.9 
12 H-E03140 301.1 307.1 331.8 331.5 331.2 320.3 367.2 377.2 319.1 
13 H-ECC002 350.0 348.0 387.7 310.0 316.8 364.8 337.2 381.7 347.1 
14 H-ECC092 404.4 304.8 334.3 364.3 319.7 308.0 357.5 360.5 327.9 
15 HECTOR-21081090 296.6 314.4 258.0 299.9 344.4 297.7 314.3 337.9 327.6 
16 HECTOR-22170090 258.0 258.0 322.7 339.1 337.9 342.7 341.5 389.0 319.0 
17 H-HVP225 309.4 290.3 317.7 334.8 332.6 344.7 308.7 326.0 360.7 
18 H-HVP315 288.2 317.1 258.0 338.4 307.9 329.3 336.9 372.8 328.3 
19 HSP000 301.4 292.7 266.7 425.4 434.2 322.7 297.7 345.9 337.4 
20 HSP090 326.9 377.4 342.3 329.5 325.6 351.5 307.1 315.2 349.6 
21 JOS090 330.2 358.9  389.1 314.6 355.0 297.7 482.8 407.2 415.3 
22 NORTHR5082-235 350.6 359.9 358.5 331.8 309.5 398.9 297.7 322.5 354.2 
23 PTS315 299.1 347.4 378.3 347.4 351.9 361.7 387.2 377.4 342.8 
24 RRS318 304.6 305.3 295.1 350.8 333.1 306.1 360.1 305.5 342.7 
25 SCE018 355.2 361.4 363.8 333.6 365.5 451.4 319.9 308.7 332.1 
26 SCE288 373.8 361.4 355.8 312.9 356.6 353.8 308.2 387.7 312.2 
27 STG000 374.2 422.0 349.5 376.9 328.3 297.7 363.2 337.2 337.8 
28 STG090 318.8 291.2 399.2 390.7 327.7 343.9 339.5 297.7 340.3 
29 TCU038-N 292.0 326.5 321.8 337.3 357.2 346.9 328.0 300.9 359.4 
30 TCU042-E 258.0 276.4 280.6 313.9 336.6 462.0 336.0 325.4 371.6 
31 TCU051-E 258.0 325.1 336.7 339.5 348.2 297.7 304.0 367.4 352.7 
32 TCU055-N 256.8 345.2 333.6 327.6 399.7 400.9 311.4 379.5 321.6 
33 TCU056-E 300.7 258.0 293.7 307.3 299.2 305.9 303.7 374.6 331.9 
34 TCU056-N 387.2 314.9 305.1 314.7 297.7 366.9 293.2 535.3 600.3 
35 TCU122-E 286.3 306.3 258.0 409.6 314.8 297.7 295.2 343.8 377.7 
36 WPI316 301.8 309.7 309.4 341.9 371.9 340.3 361.0 297.7 297.7 
37 WVC000 302.0 358.4 444.7 362.9 397.3 350.9 328.4 314.8 313.0 
38 WVC270 347.8 354.2 353.4 709.1 336.6 307.8 297.7 320.3 407.7 
39 YER270 357.3 306.0 429.6 340.6 297.7 330.8 369.0 297.7 674.1 
40 YER360 334.4 286.3 300.2 354.8 356.7 309.2 313.5 333.5 311.2 
Mean (µ) 314.3 320.7 324.6 349.5 340.1 340.8 337.1 353.0 359.5 
COV (σ/µ) 0.12 0.12 0.15 0.19 0.09 0.13 0.14 0.14 0.20 
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Figure 7.1 Test structure (0.6 scale) 



Figure 7.2 Numerical model for test structure in OpenSees 
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
Figure 7.3 Modeling of RBS 

 
  
Figure 7.4 Modeling of beam splice connection 



Figure 7.5 Material stress-strain relationship for gap element 
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Figure 7.6 Modeling of the brace-beam-column connection 
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

Figure 7.7 Comparison of lateral force-floor displacement response of DBF from static 
test and numerical model 


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
Figure 7.8 Comparison of axial force-deformation response of the third floor Tees from 
static test and numerical model 





























-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
-100
-50
0
50
100
TEE axial deformation (mm)
Te
e
 
a
xi
a
l f
o
rc
e
 
(kN
)
South Tee
 
 
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
-100
-50
0
50
100
TEE axial deformation (mm)
Te
e
 
a
xi
a
l f
o
rc
e
 
(kN
)
North Tee
 
 
Test
Test
Numerical model
Numerical model
Tee axial ation ( m) Tee axi l deformati  (mm) 
 248
Chapter 8  
Real-time Hybrid Earthquake Simulations on Structures with Nonlinear Viscous 
Dampers 
 
8.1 General  
This chapter presents the procedure for the RTHS on a large-scale steel structure 
with nonlinear viscous dampers and an evaluation of the results from the two phases of 
RTHS. Two phases of RTHS (i.e., Phase-1 and Phase-2 RTHS) were conducted to 
investigate the seismic response of the test structures with nonlinear viscous dampers. In 
the Phase-1 RTHS, the DBF was the experimental substructure, and the MRF, the gravity 
load system, and the associated mass were included in the analytical substructure. In the 
Phase-2 RHTS, the DBF together with the MRF was the experimental substructure, and 
the gravity load system and the associated mass were included in the analytical 
substructure. RTHS with ground motions at the frequently occurring earthquake (FOE), 
design basis earthquake (DBE) and the maximum considered earthquake (MCE) levels 
were conducted in the Phase-1 RTHS. RTHS with ground motions at the FOE, DBE, 
MCE and extreme MCE levels were conducted in the Phase-2 RTHS.  
 
8.2 Overview of Real-time Hybrid Simulation 
8.2.1 Schematic overview of RTHS procedure  
Figure 8.1 shows a schematic of the procedure used for the RTHS. For a given 
time step i, the target displacement response, t 1i+X , of the test structure is determined 
from an explicit algorithm for integrating the equations of motion (described later), where 
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iF  is the effective force, 
a
ir is the restoring force computed from state determination of 
the analytical substructure, and eir is the restoring force measured from the experimental 
substructure. t t t t1 1, 1 2, 1 , 1
T
i i i N ix x x+ + + + = ⋅⋅ ⋅ X , where N is the number of degrees-of-
freedom (DOFs) of the analytical substructure. t 1i+X  is then imposed onto the analytical 
substructure to obtain a 1i+r  for the next time step, and t , 1  ( 1, 2,3)n ix n+ =  is imposed onto the 
experimental substructure to obtain e 1i+r for the next time step. t , 1  ( 1, 2,3)n ix n+ =  represent 
the floor displacements to be imposed on the three floor levels of the test structure in the 
lab. This procedure is repeatedly executed for each time step in the time history of the 
RTHS.   
The target displacement is imposed on the experimental substructure in real-time. 
Three important considerations for imposing the target displacement are: (1) the servo-
hydraulic controller is digital, and operates at a sampling rate with a corresponding time 
interval that is smaller than the integration time step; (2) a delay (in time) between the 
target displacement and the experimental substructure displacement will occur due to the 
dynamic characteristics of the servo-hydraulic controller and actuators, test fixtures, and 
experimental substructure; (3) the target displacement is the intended displacement of the 
experimental substructure which will be different than the actuator stroke due to dynamic 
characteristics of the actuator and test fixtures. To address consideration (1), a ramp 
generator using linear interpolation is employed to generate a stream of target 
displacement values at the time interval used by the servo-hydraulic controller to allow 
the servo-hydraulic actuators to move smoothly during the RTHS. For the RTHS 
presented here, the controller operates at sampling rate of 1024 Hz, so the controller time 
 250
interval, tδ , is 1/1024 second. The displacements from integrating the equation of motion 
t
 ( 1,2,3)
n
x n =  are discretized at the integration time step, and the ramp generator is used 
to produce t  ( 1,2,3)
n
x n =

 at the controller time interval. The adaptive compensator, 
which will be described later, addresses consideration (2) and helps to address 
consideration (3). t
n
x

 is input to the adaptive compensator and the output “compensated” 
target displacement, called the command displacement, 	 c
n
x

, is passed to the servo-
hydraulic controller. The compensator compensates for dynamic characteristics 
(including the compliance) of the servo-hydraulic actuators, test fixtures, and 
experimental substructure, so that the measured displacement response of the 
experimental substructure, m
n
x

, closely matches t
n
x

. The compensator is based on single-
input and single output (SISO) system configuration for each degree-of-freedom at each 
floor of the test structure. The actuator stroke, a
n
x

, and m
n
x

 are measured during the RTHS 
at the time interval of the controller. The transfer function between c
n
x

 and m
n
x

 is used to 
establish the properties of the adaptive compensator, as discussed later.  
 
8.2.2 Integration algorithm for RTHS 
The unconditionally stable explicit CR integration algorithm developed by Chen 
and Ricles (2009) was utilized to calculate t 1i+X  at ( )1 = 1  it i t+ + ⋅ ∆ , where t∆  is the 
integration time step and t t t t1 1, 1 2, 1 , 1
T
i i i N ix x x+ + + + = ⋅⋅ ⋅ X . The discretized equations of 
motion for a multi-degree of freedom (MDOF) structure subjected to an earthquake 
ground motion are: 
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t a t
i i i i⋅ + ⋅ + =M X C X r F                                                                                       (8.1) 
where M is the mass matrix and Ca is the matrix representing the inherent damping of the 
building; tiX and 
t
iX are the acceleration and velocity vectors for the structure at time 
=it i t⋅ ∆ , respectively; ir is the restoring force vector for  the structure equal to 
a e
i i+r r  ; Fi 
is the effective force vector determined from M, an influence vector, and the ground 
acceleration record. tiX is determined from Equation (8.1), and used in Equation (8.2) to 
determine the  velocity and displacement at the end of step i + 1:  
t t t
1 1i i it+ = + ∆ ⋅ ⋅X X α X                                                                                          (8.2a) 
( )2t t t t1 2i i i it t+ = + ∆ ⋅ + ∆ ⋅ ⋅X X X α X                                                                      (8.2b) 
where 1α  and 2α  are matrices of integration parameters, which depend on mass, M, 
damping, C, and initial stiffness, K, of the structure. 
2 1
1 2 4 (4 2 ( ) )t t −= = ⋅ ⋅ ⋅ + ⋅ ∆ ⋅ + ∆ ⋅α α M M C K                                                    (8.3) 
Since the structure is split into experimental and analytical substructure in the 
RTHS, the stiffness matrix K is the sum of aK  and eK  representing of the initial 
stiffness matrix of analytical and experimental substructures, respectively. The damping 
matrix C  is the sum of the aC  and eC  representing of the initial damping matrix of the 
analytical and experimental substructures, respectively. aK , aC , eK , and eC are 
different for the Phase-1 and Phase-2 RTHS, respectively.  
 
8.2.3 Integration time step and ramp generator for RTHS 
The time step, t∆ , for integrating the equations of motion should be small enough 
to produce accurate results, but large enough for the integration calculations and the state 
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determination process for producing ra to be completed within t∆ . The minimum time 
step, therefore, depends on the number of DOF in the numerical model for the analytical 
substructure, the communication speed of the integrated control architecture, and the 
speed of the computer performing the calculations. For the RTHS in this study, the 
minimum t∆ that enabled the calculations to be completed was 4/1024 seconds, which is 
4 times the controller time interval, tδ , of 1/1024 seconds. This 4-fold difference 
between t∆ and tδ  is handled by the ramp generator mentioned earlier, where the t∆  is 
divided into ns substeps (where, ns=4), i.e. t ns tδ∆ = ⋅ . The ramped target displacement 
for the (i+1)th integration time step is interpolated by the linear ramp generator as 
follows: 
t t t t
, , 1 , ,( )           ( 1,2, )n k n i n i n i
j
x x x x j ns
ns
+= ⋅ − + =

…
                                               (8.4) 
where j is the substep index of the ramp generator that ranges from 1 to ns; 
t
, 1n ix +  and 
t
,n ix  are the target displacements for DOF n at ti+1 and ti, respectively; 
t
,n kx

 is 
the target displacement discretized at tδ for the jth substep within step i; and k is the 
index for the target displacement discretized at tδ ,where ( 1)k ns i j= ⋅ − + . 
 
8.2.4 Actuator control and implementation of ATS compensator for RTHS 
In a RTHS, errors between the target displacements and the actual displacements 
of the experimental substructure in the lab can be caused by dynamic response in the 
system, including the dynamic characteristics of the servo-hydraulic controller and 
actuators, test fixtures, and experimental substructure. The error between the target 
displacements and the displacements of the experimental substructure will cause error in 
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the feedback restoring force, which may alter the load path of the experimental 
substructure. Thus, minimizing the error between the target and actual displacements is 
critical to the stability and accuracy of RTHS. The measured floor displacements from 
the experimental substructure are used as the feedback for RTHS control, so that the 
control of the hydraulic actuators is aimed at imposing the target displacement on the 
experimental substructure. In previous work, the actuator stroke was used as the 
feedback. The adaptive time series (ATS) compensator developed by Chae et al. (2013) is 
utilized for the RTHS control in this study. The ATS compensator calculates cnx

 at time 
kt , where kt k t= ⋅ ∆  using Equation (8.5):
c t t t
, 0 , 1 , 2 ,n k k n k k n k k n kx a x a x a x= ⋅ + ⋅ + ⋅
    
                                                                     (8.5) 
where t
,n kx

, 
t
,n kx

, and t
,n kx
 is the target displacement, velocity, and acceleration of the nth 
floor at time kt k tδ= ⋅ , and 0ka , 1ka , and 2ka  are the ATS compensator coefficients at 
kt . The ATS compensator coefficients 0ka  and 1ka  have useful physical interpretations 
(Chae et al. 2013):  0 1ka A= , where m tn nA x x=
 
 is the amplitude error that occurs 
without compensation; and 1 0k ka aτ= ⋅ , where τ  is the delay (error in time observed as a 
lag) between m
n
x

 and t
n
x

, which occurs without compensation. The coefficients can be 
updated (adapted) at kt  using Equation (8.6) on the basis of the relationship between the 
command displacement to the servo-hydraulic controller c
n
x

 and the measured 
substructure displacement, m
n
x

, as well as its velocity and acceleration derivatives, over a 
time window q tδ⋅ from time 1k qt − −  to 1kt − .  
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( ) 1m m m c( ) ( )n n n n n−Τ Τ=A Y Y Y x                                                                                   (8.6) 
where [ ]0 1 2=n k k ka a a ΤA , 
c c c c
, 1 , 2 , 1= ...[ ]n n k n k n k qx x x Τ− − − −x
   
,   
{ }m m m m= , ,n n n nY x x x     , and  
m m m m
, 1 , 2 , 1= ...[ ]n n k n k n k qx x x Τ− − − −x
   
. 
Figure 8.2 shows schematically the role of the ATS compensator in the RTHS and 
the components of the compensator based on Chae et al. (2013). In the implementation of 
the ATS compensator, a Butterworth filter is used to remove measurement noise in m
n
x

. 
To avoid errors introduced by phase shifting from the filter, c
n
x

 is filtered by the same 
Butterworth filter. The filtered m
n
x

 and c
n
x

 is denoted as mf
n
x

 and cf
n
x

, respectively. mf
n
x

 is 
used to calculate mf
n
x

 and mf
n
x
 by numerical differentiation. To calculate updated 
compensator coefficients, , , and  , at time kt ,  
mf
n
x

and cf
n
x

 should have enough 
data points to produce stable and accurate coefficient values, however, the time window 
q tδ⋅ for these data points should be relatively short to enable the compensator 
coefficients to adapt quickly. For the RTHS in this study, a time window q tδ⋅ of 1.0-
second was used to update the compensator coefficients at time kt , where 1024q = . To 
start the process, the compensator uses initial values of the coefficients for the first 1.0-
second of the RTHS, and 1.0-second of data is accumulated before the coefficients can be 
updated. Since the coefficients are updated during the time interval, tδ , of 1/1024 
seconds, Equation (8.6) must be implemented efficiently. Therefore, the 1024 data points 
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were decimated by 16, and 64 data points representing a time window of 1.0-second were 
used to update the compensator coefficients at kt . 
Notice from Equation (8.6) that numerical problems can be created when mf
n
x

 is 
small, which could lead to a wide variation in the coefficient values, which could cause 
the RTHS to become unstable. Therefore, the calculation of updated coefficients using 
Equation (8.6) was activated only when the magnitude of mf
n
x

 was large enough over the 
1.0-second time window. The root mean square (RMS) of mf
n
x

 over the 1.0-second time 
window was used to activate and de-activate the updating of the coefficients, instead of 
the peak value of mf
n
x

 over the 1.0-second time window, used by Chae et al. (2013), 
which did not provide a practical means to de-activate coefficient updating. The threshold 
value is 1.0 mm, and when the RMS value of mf
n
x

 over the 1.0-scond time window 
exceeds 1.0mm, Equation (8.6) is used to update the coefficient values. Otherwise, the 
coefficients are not changed.  
 
8.2.5 Integrated RTHS control system  
The integrated RTHS control system at the NEES real-time multi-directional 
(RTMD) facility at Lehigh University (NEES@Lehigh) (Lehigh RTMD Users Guide 
2013), as shown in Figure 8.3, was utilized for the RTHS procedure. This RTHS control 
system enables continuous numerical simulation of the analytical substructure and 
controlled loading of the experimental substructure in real time. The system consists of 
the real-time control workstation (RTMDctrl), target workstation (RTMDxPC), 
simulation workstation (RTMDsim), data acquisition workstation (RTMDdaq), and 
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telepresence server workstation (RTMDtele), and a shared common RAM network 
(SCRAMNet). The SCRAMNet enables the integrated control system to transfer 
synchronized data among the workstations instantaneously and facilitates synchronized 
real-time testing at a rate of 1024 Hz.  
Each workstation in the system manages a different part of the hybrid simulation. 
RTMDctrl is the digital controller for the servo-hydraulic actuators. It uses built-in PID 
control, and operates at a rate of 1024 Hz. RTMDsim is a workstation that configures the 
simulation model, coordinates the testing; RTMDsim provides a configuration interface 
to RTMDxPC through a Simulink module in MATLAB. RTMDxPC runs the integration 
algorithm for the numerical simulation and sends the commands to RTMDctrl through 
the SCRAMnet at a fixed time interval governed by the rate of 1024 Hz. RTMDdaq 
interfaces directly with the data acquisition system for configuring and monitoring the 
data acquisition from instruments on the experimental substructure; the data is shared 
with other workstations through the SCRAMNet interface. RTMDtele provides a 
synchronized source of data from RTMDdaq, RTMDxPC, and RTMDctrl; it provides 
access for data streaming, data archiving, and video. The fiber-optic based SCRAMNet 
has a communication rate of about 200 ns, which enables the integrated control system to 
work with synchronized real-time data at the 1024 Hz rate.  
 
8.2.6 Power supply for RTHS 
In a RTHS, the displacements are imposed in real time on the experimental 
substructure using actuators controlled by RTMDctrl. The actuators are high capacity 
(force, displacement, and velocity) servo-hydraulic actuators. Large hydraulic power 
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supply is needed to perform RTHS on a large-scale structure system.  2300 kN, 1700 kN, 
and 1700 kN force capacity actuators are used for the first, second, and third floor, 
respectively. Figure 8.4(a) shows the hydraulic power curve of the 2300 kN actuator, and 
Figure 8.4(b) shows the hydraulic power curve of the 1700 kN actuator. A power curve 
shows the combination of force and velocity that the actuator can apply at the same time. 
The power curves expand by increasing of the size or number of servo-valves on the 
actuators and the hydraulic pressure supplied to the actuators. In this study, the actuator at 
first and second floor has two servo-valves (550 gpm flow-rate per valve) mounted, while 
the third floor actuator has three servo-valves (550 gpm flow-rate per valve) mounted for 
higher velocity at roof floor.  
The hydraulic power system at the RTMD Facility at Lehigh University consists 
of five pumps with a total flow rate of 600 gpm with a hydraulic pressure of 3500 psi. 
Sixteen piston accumulators provide an overall oil charge capacity of 800 gallons. 
Accumulators store hydraulic oil when hydraulic system pressure is greater the 
accumulator pressure and discharge hydraulic oil when the system pressure drops below 
the accumulator pressure. The hydraulic pressure of the accumulators can be charged to 
approximately 3500 psi by the pumps. When fully discharged, the hydraulic pressure 
stays above 3000 psi if the subsequent flow-rate demand can be sustained by the five 
pumps. More detailed information can be found at the Lehigh RTMD Facility website 
(Lehigh RTMD Users Guide 2013). At the beginning of a RTHS, as the actuators are at 
the rest, the accumulators are fully charged and the hydraulic system pressure was at the 
set pressure of 3250 psi, where no oil flows from the pumps. When the servo-hydraulic 
actuators move with a displacement command, oil flow-rate demand corresponds to the 
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velocity demands of the actuators. The hydraulic system pressure starts to drops off if the 
flow-rate capacity of the pumps is less than the flow-rate demand, which leads to oil 
discharge from the accumulators. Figure 8.5 shows the relationship between the oil 
discharge from the accumulators and the hydraulic system pressure. The hydraulic system 
pressure will drop off dramatically if a large amount of oil discharges from the 
accumulators and a pressure drop will reduce the force capacity of the actuators.  
 
8.3. RTHS Phase-1  
In the Phase-1 RTHS, the DBF is the experimental substructure, and the rest of 
the building, including the MRF and the gravity load system are represented by the 
analytical substructure.   
 
8.3.1 Analytical substructure 
The MRF and the gravity load system that is tributary to one MRF and one DBF 
were selected as the analytical substructure; the gravity load system is represented by a 
lean-on column with gravity loads and lumped seismic mass at each floor level, as shown 
in Figure 8.6(a). The section properties of the lean-on column were determined as the 
sum of the section properties of all the gravity columns in the tributary area of one MRF 
and DBF. The analytical substructure is modeled using a finite element program 
developed by Karavasilis et al. (2009). This finite element program enables the numerical 
model for the analytical substructure, along with the integration algorithm and adaptive 
compensator to be incorporated into a Simulink model and then compiled, downloaded, 
and executed on the real-time target workstation (RTMDxPC) using Mathworks xPC 
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Target Software (2013). Figure 3(a) shows the numerical model for the analytical 
substructure for the Phase-1 RTHS. The numerical model has a total of 296 degrees of 
freedom and 91 elements. Nonlinear displacement-based beam-column fiber elements 
with Gauss-Lobatto quadrature are used to model the members of the MRF. Each column 
is modeled with 4 elements in each story. Each beam is modeled with 13 elements, with 5 
elements for each reduced beam section (RBS), 1 element between the RBS, and 1 
element between the RBS and column flange at each end of the beam. For the columns, 
seven fiber sections are used along the length of each element. For the beams, five fiber 
sections are used along the length of each element. Each fiber section is discretized into 
22 fibers, with 12 fibers for the web and 5 fibers for each flange. Panel zone elements are 
used to model shear deformation and uniform bending deformation of the panel zones of 
the MRF. A bilinear uniaxial stress-strain relationship with strain hardening is used for 
the steel in the MRF. The elastic modulus and yield stress is 200 GPa and 345 MPa, 
respectively, and the strain hardening ratio (the post-yield modulus over the elastic 
modulus) is 0.01. The lean-on column, which represents the gravity load system, is 
modeled with elastic beam-column elements. The seismic mass is lumped and the gravity 
load is applied at each floor level on the lean-on column. Thus the P-delta effects of the 
gravity loads are included in the analytical substructure. Rayleigh damping is included in 
the analytical substructure to model the inherent damping of the building (i.e., the energy 
dissipation characteristics of the building during low-amplitude dynamic response). The 
Rayleigh damping model is based on a 2% damping ratio for the first and second modes 
of the building.  
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8.3.2 Experimental substructure and experimental setup 
The DBF was selected as the experimental substructure, as shown in Figure 
8.6(b). As illustrated in Figure 8.6(b), the DBF was pinned to the fixture at the column 
bases, and was horizontally restrained at the ground level by a pair of ground links. 
Displacements were imposed on the DBF at the floor levels through three dynamic servo-
hydraulic actuators which were fixed to the reaction wall at the north end and attached to 
the DBF through a set of loading beams at the south end. The loading beams were 
attached to the top flange of the DBF floor beams at the mid span at each floor level. 
External bracing frames provide out-of-plane bracing for the DBF while allowing in-
plane movement. Figure 8.7 shows the configuration of the dampers in the DBF. The 
damper is attached to the diagonal bracing using a pin connection and connected to the 
floor beam using a clevis that is directly welded to the top flange of the floor beam, so 
that the damper can rotate in the plane of the DBF. 
 
8.3.3 Ke and Ce identification 
The elastic stiffness of the experimental substructure eK  is identified by 
idealizing it as a three degree-of-freedom (DOF) system, where the horizontal 
displacement of each floor is a DOF. Quasi-static tests, described in Chapter 5 were 
performed on the experimental substructure to construct eK  During the quasi-static tests, 
a force was applied to one floor at a time while the other two floors were allowed to 
move freely. From the measured floor displacements, the vectors of the flexibility matrix 
were determined. eK  was obtained by inverting the flexibility matrix.   
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The initial damping matrix eC  of the DBF is derived from the properties of the 
nonlinear viscous dampers in the DBF. It is constructed in three steps: (1) deriving the 
parameters of a model of the nonlinear viscous dampers including the damping 
coefficient, Cα, and velocity exponent, α, from characterization tests of the dampers; (2) 
determining the initial damping coefficients, Ceq, by linearizing the nonlinear damper 
force-velocity curve near zero velocity as ( ) 1eq thrC C v αα −= ⋅  where thrv  is a small 
threshold velocity for the linearization, as shown in Figure 8.8; (3) neglecting the 
flexibility of the diagonal braces, beams, and columns of the DBF, and assembling the 
damping matrix eC as follows: 
               
eq1 eq2 eq2
e
eq2 eq2 eq3 eq3
eq3 eq3
0
        
0
C C C
C C C C
C C
 + −
 
= − + − 
 
− 
C                                        (8.7) 
where eq1C , eq2C , and eq3C  are the initial damping coefficient for the nonlinear viscous 
damper in the first, second, and third story of the DBF, respectively. These coefficients 
are assumed to be equal (ignoring differences between the dampers observed in the 
characterization tests). For the nonlinear viscous dampers in the DBF, the damper model 
parameter values are Cα=696 kN-s/m and α=0.44 from the characterization tests (based 
on average for the three dampers from the characterization tests). Ceq is 8100 kN-s/m 
with vthr= 0.0125 m/s.  
Equation (8.8) summarizes the mass matrix M of the D100V test structure and 
identified matrices eK  and eC  of the experimental substructure for the Phase-1 RTHS. 
These matrices are appropriately added to aK   and aC , considering the arrangement of 
the DOF within X, to form C and K for use in Equation (8.3). 
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2
101.2 0 0
0 101.2 0   kN-s /m
0 0 73.5
 
 
=  
  
M              for the Phase-1 RTHS             (8.8a) 
e 3
74.7 52.8 14.9
52.8 62.7 26.7 10   kN/m
14.9 26.7 15.6
− 
 
= − − × 
 − 
K      for the Phase-1 RTHS             (8.8b) 
e 3
16.2 8.1 0
8.1 16.2 8.1 10   kN-s/m
0 8.1 8.1
− 
 
= − − × 
 − 
C           for the Phase-1 RTHS             (8.8c) 
 
8.3.4 Values for compensator coefficients 
Reasonable initial values for the compensator coefficients are needed to avoid 
abrupt changes in the coefficient values at the beginning of an RTHS. The ATS 
compensator is essentially the inverse of the transfer function of a system representing 
the test setup, and is idealized as a second-order dynamic system. The initial values for 
the compensator coefficients should be based on the initial dynamic characteristics of the 
system. Tests with a predefined band limited white noise (BLWN) displacement as the 
target displacement ( t
n
x
 ) were used to determine initial values for the coefficients. Since, 
as shown earlier (Figure 8.1), each DOF (at each floor level of the experimental 
substructure) has its own compensator, a BLWN displacement test is conducted for one 
DOF (one floor) at a time. The BLWN t
n
x

 has an amplitude of 4.0 mm and a cutoff 
frequency of 15 Hz. The coefficients of the compensator for each DOF are determined as 
shown in Figure 8.9, using Equation (8.6). Figure 11 shows the variation of the 
coefficients over the duration of a BLWN displacement input test as the adaptive 
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compensator updates them. The mean values of the coefficients from these tests were 
selected as the initial coefficient values, given in Table 8.1. 
RTHS using BLWN ground acceleration input were conducted to validate and 
finalize the initial coefficient values, before performing RTHS for earthquake ground 
motions at the DBE and MCE level. The BLWN ground acceleration has an amplitude of 
0.1g, a cutoff frequency of 10 Hz, and duration of 22 seconds, to simulate the initial part 
of a recorded natural earthquake ground motion. Figure 8.11 shows the floor 
displacements from the RTHS with BLWN ground acceleration input, which was 
conducted before performing the DBE level RTHS. The peak floor displacement is 3.7, 
7.6, and 10.1 mm for the 1st, 2nd, and 3rd floor, respectively; and the measured 
experimental substructure displacement m
n
x  matches the target displacement t
n
x  well, 
with normalized RMS error of 3.7%, 3.1%, and 2.3% for the 1st, 2nd, and 3rd floor, 
respectively. The normalized RMS error between t
n
x  and m
n
x  is calculated as follows: 
( )
( )
2t m
, ,
t m 1
2t
,
1
Normalized RMS error between  and 
N
n i n i
i
n n N
n i
i
x x
x x
x
=
=
−
=
∑
∑
                         
(8.9) 
where t
,n ix  and 
m
,n ix  are the target displacement and measured displacement from the 
experimental substructure at thn  floor level at time it , respectively. 
Figure 8.12 shows the variation of the compensator coefficients during this 
RTHS. It is observed that the coefficients adapt without much variation from their initial 
values, which indicates that the characteristics of the system do not vary much over the 
simulation. The flat line parts of the time histories in Figure 8.12 indicate that the 
coefficient updating is deactivated when the RMS response is smaller than the threshold 
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value to activate updating. Figure 8.12 shows the floor displacements from the RTHS 
with BLWN ground acceleration input, which was conducted before performing the MCE 
level RTHS. The peak floor displacement is 3.7, 7.5, and 9.9 mm for the 1st, 2nd, and 3rd 
floor, respectively; and m
n
x  also matches t
n
x  well, with normalized RMS error of 3.8%, 
3.3%, and 2.3% for the 1st, 2nd, and 3rd floor, respectively. Figure 8.13 shows the 
variation of the compensator coefficients during this RTHS. Again, the coefficients adapt 
without much variation from their initial values, which indicates that the characteristics 
of the system do not change much during the simulation, and that the system was not 
affected much by the previous series of RTHS using the DBE level ground motions. 
Based on the results shown in Figure 11 and Figure 13, the final set of initial coefficient 
values was selected to be the same as the set of values identified from the predefined 
BLWN displacement input test given in Table 8.1. The  value of 1.05 in Table 8.1 
indicates an amplitude error of about 5% would occur between m
n
x

 and t
n
x

, without 
compensation and the   values of 0.045, 0.035, and 0.025 seconds indicate a delay 
between m
n
x

 and t
n
x

 of (1/1.05) times 0.045, 0.035, and 0.025 seconds would occur 
without compensation at the 1st, 2nd, and 3rd floor, respectively. 
Practical experience shows that an RTHS can become unstable if the ATS 
compensator coefficients are too large. At the same time, coefficients that are too small 
will permit excessive delay, which can also produce instability (Horiuchi 1996). 
Therefore, floor and ceiling values (lower and upper limits) for each coefficient were set 
to avoid instability and to provide a margin for updating during the RTHS. With these 
considerations, the selected floor and ceiling values are 0.7 and 1.4 for a0, which permit 
±33% variation around the initial value; 0.0 and 0.1 for a1, which limits the delay 
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compensation to 0.1 second; and 0.000 and 0.001 for a2. The floor values for a1 and a2 
are the obvious lower bound values, that is, for the condition that no delay compensation 
is required. The ceiling values for a1 and a2 were set through a study of the frequency 
response function (FRF) of the ATS compensator. The investigation considered 
amplification of high frequency signals by the compensator, which may cause instability. 
Figure 8.14 shows the magnitude of the FRF with coefficients corresponding to the initial 
values, the ceiling values, and 1.5 times the ceiling values, respectively. When the entire 
test structure (including the mass and stiffness on the analytical substructure as well as 
the experimental substructure) are considered, the frequency range of valid signals in t
n
x  
(i.e., at the main DOF of the structure) is thought to be 0 to 10 Hz. Amplification of 
signals within this frequency range is needed for the compensator to overcome amplitude 
errors and delay caused by the dynamic characteristics of the test setup for the 
experimental substructure in the laboratory. At frequencies beyond 10 Hz, the signals 
within t
n
x  are thought to be from high frequency vibrations within the actuators, test 
fixtures and experimental substructure, as well as measurement noise, which are included 
in the measured restoring force re and pass through the integration algorithm (see Figure 
8.1). Amplification of these high frequency signals can lead to instability, so the 
magnitude of the FRF of the compensator over the range of 10 to 30 Hz is of particular 
concern, where 30 Hz is considered to be the cutoff frequency for the hydraulic actuators. 
The FRF magnitude is 2.9, 6.8, and 10.2 at 10 Hz, and 15.8, 39.2, and 58.8 at 30 Hz with 
coefficients corresponding to the initial values, the ceiling values, and 1.5 times the 
ceiling values, respectively. The ceiling values were selected to avoid large amplification 
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at frequencies beyond 10 Hz, while still providing accurate RTHS results with excellent 
delay compensation, as shown later. 
 
8.3.5 Ground Motions for RTHS 
Ensembles of ground motions at the FOE, DBE and MCE level were selected for 
the RTHS.  The ensemble of ground motions for the RTHS at each hazard level were 
selected from the ensemble of 40 ground motions that were presented in Chapter 6, with 
the criterion that the median spectra and the variation in the spectra for the ground 
motions selected for the RTHS are close to the median spectra and variation in the 
spectra for the 40 ground motion set.  
An ensemble of 12 ground motions at the FOE level was selected, as shown in 
Table 8.2. Figure 8.15 shows the spectra of the scaled ground motion records together 
with the UHS at the FOE level (as described in Chapter 6). Figure 8.16 (a) and Figure 
8.16 (b) compare the median spectrum and the variation in the spectra for the ensemble of 
12 RTHS ground motions with the median spectra and variation in the spectra for the 40 
FOE ground motion set, respectively. In the figures, the spectral response acceleration 
(Sa) of the scaled ground motions are plotted versus the period in full time scale. It can be 
seen that the median spectra and the variation in the spectra are similar. For the RTHS at 
the DBE hazard level, 14 ground motions were selected, as shown in Table 8.3 through 
Table 8.5. Note that the 14 ground motion ensembles differed for the D100V, D75V, and 
D60V test structures with four ground motions in each ensemble. Figure 8.17 through 
8.19 show the spectra of the scaled ground motion records together with the UHS at the 
DBE level for the D100V, D75V, and D60 test structure, respectively. Figure 8.20 
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through 8.22 compare the median spectrum and variation in the spectra for the selected 
RTHS ground motions with the median spectrum and variation in the spectra for the 40 
DBE ground motion set for the D100V, D75V, and D60 test structure, respectively. It can 
be seen that the median spectrum spectra and the variation in the spectra are similar. 
For the RTHS at the MCE hazard level, 14 ground motions were selected for the 
RTHS of the D100V and D75V structures, and 7 ground motions were selected for the 
RTHS of the D60V structure, as shown in Table 8.6 through Table 8.8. Figure 8.23 
through 8.25 show the spectra of the scaled ground motion records together with the UHS 
at the MCE level for the D100V, D75V, and D60 test structure, respectively. Figure 8.26 
through 8.28 compare the median spectrum and variation in the spectra for the selected 
RTHS ground motions with the median spectrum and variation in the spectra for the 40 
MCE ground motion set for the D100V, D75V, and D60V test structure, respectively. 
The median spectra and the variation in the spectra are similar.  
 
8.3.6 Evaluation of RTHS Results 
8.3.6.1 RTHS with FOE Ground Motions 
Figure 8.29 compares the time history of xt and xm from the RTHS with the FOE 
ground motion record H-E03140 from the 1979 Imperial Valley Earthquake for the 
D100V, D75V, and D60V structures. The peak floor displacement is 7.0, 14.7, and 20.2 
mm for the D100V structure, 11.1, 21.9, and 28.5 mm for the D75V structure, and 9.7, 
20.4, and 28.1 mm for the D60V structure for the first, second, and third floor, 
respectively. Overall good agreement between xt and xm is achieved for the three test 
structures.   
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Figure 8.30 shows the synchronization plots of the floor displacements from the 
RTHS with H-E03140 record, where xt is plotted against the xm. The error between xt and 
x
m
 are quantified by the normalized RMS error (as introduced in section 8.3.4). A larger 
value of the normalized RMS error means a larger difference between xt and xm. The 
normalized RMS error between xt and xm is 6.51%, 3.54%, and 3.02% for the D100V 
structure, is 6.50%, 3.21%, and 2.04% for the D75V structure, and 5.60%, 2.68%, and 
2.25% for the D60V structure for the first, second, and third floor, respectively, in the 
RTHS with H-E03140 record. The almost straight line relationships between xt and xm 
shown in Figure 8.30 indicate that xt was imposed accurately on the experimental 
substructure during the RTHS when xm was used as the feedback for the RTHS control. 
 Tables 8.9 through 8.11 summarize statistically the peak floor displacements xm 
and the normalized RMS errors between xt and xm in RTHS with FOE level ground 
motions for the D100V, D75V, and D60V test structure, respectively. The mean 
normalized RMS error for the D100V structure is 6.57%, 3.51%, and 3.37% for the first, 
second, and third floor, respectively; the mean normalized RMS error for the D75V 
structure is 6.00%, 3.15%, and 2.33% for the first, second, and third floor, respectively; 
and the mean normalized RMS error for the D60V structure is 5.49%, 2.67%, and 2.15% 
for the first, second, and third floor, respectively. The RMS errors for the first floor are 
greater than the RMS errors for the second and third floors due to smaller floor 
displacement amplitudes for this floor. Overall, relatively small normalized RMS errors 
were achieved in the RTHS, which indicates the reliability and accuracy of using the 
measured displacements of the experimental substructure as the feedback for actuator 
control.  
 269
Figures 8.31 through 8.33 compare xc, xa, xm, and xt from the FOE level RTHS 
over time periods when the structural response is significant for the D100V, D75V and 
D60V structure, respectively, where xc and xa is the actuator stroke and command 
displacement passed to the actuator discretized at the integration time step. It is seen that 
x
m
 closely tracks xt, xc leads xa, and xa leads xm and xt. Moreover, xa has a larger amplitude 
than xm and xt due to the compliance of the test fixtures and actuators. The above 
observations indicate that the amplitude error and delay between the displacement of the 
experimental substructure xm and xt were made relatively small by using xm as the 
feedback signal for the RTHS.  
 
8.3.6.2 RTHS with DBE Ground Motions 
Figure 8.34 compares the time history of xt and xm from the RTHS with the DBE 
ground motion record RRS318 from the 1994 Northridge Earthquake for the D100V, 
D75V, and D60V structures. The peak floor displacement is 18.7, 36.1, and 47.1 mm for 
the D100V structure,  23.2, 46.1, and 62.0 mm for the D75V structure, and 26.5, 53.0, 
and 73.5 mm for the D60V structure for the first, second, and third floor, respectively. 
The figures show that xm agrees well with xt for the three test structures.   
Figure 8.35 shows the synchronization plots of floor displacements from the 
RTHS with the RRS318 record, where xt is plotted against xm. The normalized RMS error 
between xt and xm is 5.26%, 2.65%, and 3.26% for the D100V structure, is 5.21%, 2.27%, 
and 2.60% for the D75V structure, and is 4.26%, 1.89%, and 1.81% for the D60V 
structure for the first, second, and third floor, respectively. The almost straight line 
relationship between xt and xm for each floor indicates xt was imposed accurately on the 
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experimental substructure during the RTHS when xm was used as the feedback for the 
RTHS control. 
 Tables 8.12 through 8.14 present statistically the peak floor displacements and 
the normalized RMS errors in the RTHS with DBE level ground motions for the D100V, 
D75V, and D60V test structure, respectively. The mean normalized RMS error is 4.59%, 
2.44%, and 2.60% for the first, second, and third floor, respectively of the D100V 
structure. The mean normalized RMS error is 4.48%, 2.18%, and 1.98% for the first, 
second, and third floor, respectively, of the D75V structure. The mean normalized RMS 
error is 3.76%, 1.80%, and 1.81% for the first, second, and third floor, respectively, of the 
D60V structure. The RMS errors for the first floor are greater than that for the second and 
third floors because of the smaller floor displacements of the first floor. Overall, 
relatively RMS errors were achieved in the RTHS, which indicates the target 
displacement history was imposed accurately on the experimental substructure. 
Figures 8.36 through 8.38 compare xc, xa, xm, and xt from the DBE level RTHS 
over time periods when the structural response is significant. Differences between xc, xa, 
x
m
, and xt similar to those observed for the FOE level RTHS can be observed in the DBE 
level RTHS. The amplitude error and delay between xm and xt were made relatively small 
by using xm as the feedback signal for the RTHS.  
 
8.3.6.3 RTHS with MCE Ground Motions 
Figure 8.39 compares the time history of xt and xm from the RTHS with the MCE 
ground motion record RRS318 from the 1994 Northridge Earthquake for the D100V, 
D75V, and D60V structures. The peak floor displacement is 31.1, 63.2, and 83.5 mm for 
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the D100V structure, is 37.9, 77.9, and 107.6 mm for the D75V structure, and is 48.1, 
101.7, and 145.1 mm for the D60V structure for the first, second, and third floor, 
respectively. The figure shows good agreement between xt and xm for the three test 
structures.   
Figure 8.40 shows the synchronization plots of floor displacements from the 
RTHS with the RRS318 record. The normalized RMS error between xt and xm is 3.92%, 
1.98%, and 2.35% for the D100V structure, 3.91%, 1.68%, and 1.62% for the D75V 
structure, and 2.89%, 1.41%, and 1.69% for the D60V structure for the first, second, and 
third floor, respectively. The almost straight line relationship between xt and xm indicates 
x
t
 was imposed accurately on the experimental substructure during the RTHS. 
 Tables 8.15 through 8.17 present statistically the peak floor displacements and 
the normalized RMS errors in the RTHS with MCE level ground motions for the D100V, 
D75V, and D60V test structure, respectively. The mean normalized RMS error for the 
D100V structure is 3.28%, 1.71%, and 2.13% for the first, second, and third floor, 
respectively, for the D75V structure is 3.02%, 1.47%, and 1.61% for the first, second, and 
third floor, respectively, and for the D60V structure is 3.10%, 1.58%, and 1.81% for the 
first, second, and third floor, respectively. Although the RMS errors for the first floor are 
greater than that for the second and third floors,  very small RMS errors were observed in 
the RTHS with MCE level ground motions, which indicates the target displacements 
were imposed accurately on the experimental substructure. 
Figures 8.41 through 8.43 compare xc, xa, xm, and xt from the MCE level RTHS 
over time periods when the structural response is significant. Differences between xc, xa, 
x
m
, and xt that are similar to those observed for the FOE and DBE level RTHS. The 
 272
amplitude error and delay between xm and xt were made relatively small by using xm as 
the feedback signal for the RTHS.  
 
8.4 RTHS Phase-2 
In the Phase-2 RTHS, the MRF together with the DBF is the experimental 
substructure, and the rest of the building is represented by the analytical substructure. 
Phase-2 RTHS has a more complex experimental substructure than the Phase-1 RTHS, 
and aims to investigate the seismic response of the MRF and the damping system (DBF) 
together.  
 
8.4.1 Analytical Substructure 
The analytical substructure consists of the gravity load system that is tributary to 
one MRF and DBF and the inherent damping of the building. The gravity load system 
was represented by a lean-on column with gravity loads and seismic mass at each floor 
level, as shown in Figure 8.44(a). The section properties of the lean-on column were 
determined as the sum of the section properties of all the gravity columns in the tributary 
area; the properties are the same as the properties of the lean-on column in the Phase-1 
RTHS. The analytical substructure has a total of 10 degrees of freedom and 3 elements. 
Rayleigh damping is included in the analytical substructure to model the inherent 
damping of the building (i.e., the energy dissipation characteristics of the building during 
low-amplitude dynamic response). The Rayleigh damping model is based on a 2% 
damping ratio for the first and second modes of the building; the damping matrix is the 
same as the damping matrix in the Phase-1 RTHS. 
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8.4.2 Experimental Substructure and Experimental Setup 
The MRF and DBF together is the experimental substructure in the Phase-2 
RTHS, as shown in Figure 8.44(b). The DBF has the same configuration as the DBF used 
in the Phase-1 RTHS, with one nonlinear viscous damper and associated braces located in 
each story of the DBF. The MRF has the same configuration as the MRF in the analytical 
substructure of the Phase-1 RTHS. As described in Chapter 4, it has realistic beam-to-
column connection details and material properties.   
As illustrated in Figure 8.45, the MRF and DBF were connected together by a set 
of loading beams at the first, second, and third floor level. The loading beams were 
attached to the top flange of the beams of the MRF and the DBF at the mid span of the 
floor beams. A detailed description of the test setup and the instrumentation plan for the 
experimental substructure can be found in Chapter 5. 
 
8.4.3 Ke and Ce identification 
Ke was identified by idealizing the experimental substructure (MRF and DBF) as 
a three degree of freedom system (i.e., the horizontal displacement of each floor is a 
DOF). Quasi-static tests described in Section 8.3.3 were performed on the experimental 
substructure to construct a 3x3 stiffness matrix. Ka, the stiffness matrix of the analytical 
substructure in the Phase-2 RTHS equals the geometric stiffness of the lean-on column 
representing the gravity load system.  
The damping matrix C including Ca and Ce that was used in the Phase-1 RTHS 
was also used in the Phase-2 RTHS. Equation (8.10) summarizes the matrices Ke and Ce 
of the experimental substructure for the Phase-2 RTHS. These matrices are appropriately 
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added to Ka and Ca, considering the arrangement of the DOF within X, to form C and K 
for use in Equation (8.3). 
e 3
180.7 118.0 28.9
118.0 141.7 55.2 10   kN/m
28.9 55.2 32.2
− 
 
= − − × 
 − 
K      for the Phase-2 RTHS       (8.10a) 
e 3
16.2 8.1 0
8.1 16.2 8.1 10   kN-s/m
0 8.1 8.1
− 
 
= − − × 
 − 
C              for the Phase-2 RTHS        (8.10b) 
 
8.4.4 Values for compensator coefficients 
The procedure described in Section 8.3.4 for determining the initial values and the 
floor and ceiling values of the compensator coefficients for the Phase-1 RTHS was also 
used for the Phase-2 RTHS. The ceiling values for the compensator coefficients were 
adjusted downward for the Phase-2 RTHS to limit the amplification of high frequency 
signals by the compensator. The reason for this adjustment is that the experimental 
substructure in the Phase-2 RTHS is much stiffener than the experimental substructure in 
the Phase-1 RTHS, which may result in more high frequency noise in the structural 
response of the experimental substructure than the experimental substructure in the 
Phase-2 RTHS than the Phase-1 RTHS. Experience during the Phase-2 RTHS led to the 
reduced ceiling values. Experience showed that an RTHS can become unstable if the 
ATS compensator coefficients are too large. Table 8.18 presents the selected set of initial 
values for the compensator coefficients for the Phase-2 RTHS. Table 8.19 presents the 
selected floor and ceiling values for the compensator coefficients which varied with the 
intensity level of the ground motion. 
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Figure 8.46 shows the floor displacements from the RTHS with BLWN ground 
acceleration input, which was conducted before performing the Phase-2 RTHS with 
ground motions. The measured experimental substructure displacement xm matches the 
target displacement xt well, with normalized RMS error of 3.3%, 2.8%, and 2.7% for the 
1st, 2nd, and 3rd floor, respectively. Figure 8.47 shows the variation of the compensator 
coefficients during this RTHS. It is observed that the coefficients adapt without much 
variation from their initial values, which indicates that the characteristics of the system do 
not vary much over the simulation. The flat line parts of the time histories in Figure 8.47 
indicate that the coefficient updating is deactivated when the RMS response is smaller 
than the threshold value to activate updating. Based on these results, the final set of initial 
coefficient values, given in Table 8.18, was selected for Phase-2 RTHS with intense 
ground motions.  
 
8.4.5 Ground Motions for RTHS 
Ground motions at the FOE, DBE, MCE, and beyond MCE levels were 
respectively selected for the Phase-2 RTHS. The beyond MCE ground motions were 
applied to the D60V structure at the end of the Phase-2 RTHS program to produce 
damage in the MRF. One ground motion at 1.2 MCE and one ground motion at 1.4 MCE 
was used. The 1.2 MCE hazard level corresponds to a UHS with 1% probability of 
exceedance (POE) in 50 years at the prototype building site. The 1.4 MCE hazard level 
corresponds to a UHS with 0.5% POE in 50 years at the prototype building site. For the 
FOE level RTHS, the record H-E03140 from the 1979 Imperial Valley Earthquake was 
selected for the RTHS of the D100V structure. For the DBE level RTHS, two records, the 
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HECTOR-11625090 record from the 1999 Hector Mine Earthquake and the RRS318 
record from the 1994 Northridge Earthquake, were selected for the RTHS of the D100V 
structure. The RRS318 record was also used for the DBE level RTHS of the D75V and 
D60V structures, and the MCE level RTHS of the D100V structure. The record H-
BRA315 from the 1979 Imperial Valley Earthquake was selected for the DBE level, 
MCE level, and beyond MCE level RTHS of the D60V structure. Tables 8.19 through 
8.21 present the selected ground motions for the Phase-2 RTHS. Figures 8.48 through 
8.52 shows that the response spectra for the selected FOE, DBE, MCE, 1.2MCE, and 
1.4MCE ground motion records closely match the UHS for each hazard level.  
 
8.4.6 Evaluation of RTHS Results 
8.4.6.1 RTHS with FOE ground motions 
Figure 8.53 compares the time history of xt and xm from the RTHS of the D100V 
structure with the FOE ground motion record HE03140. Good agreement between xt and 
x
m
 are observed over the entire time history. Figure 8.54 shows the synchronization plots 
of xt and xm, where xt is plotted against xm. The near linear relationship between xt and xm 
shows that xt was imposed accurately during the RTHS. The normalized RMS error 
between xt and xm is 6.0%, 3.8%, and 3.4% for the first, second, and third floor, 
respectively. 
Figure 8.55 compares xc, xa, xm, and xt from the FOE level RTHS over the time 
period of 8.05 to 8.6 seconds when the structural response is significant. It can be 
observed that xm   closely tracks xt, xc leads xa, and xa leads xm and xt. Moreover, xa has a 
larger amplitude than xm  and xt due to the compliance of the test fixtures and actuators. 
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The above observations indicate that the amplitude error and delay between xm and xt 
were made relatively small by using xm as the feedback signal for the RTHS.  
 
8.4.6.2 RTHS with DBE ground motions 
Figure 8.56 compares the time history of xt and xm from the RTHS with the DBE 
ground motion record RRS318 for the D100V, D75V, and D60V structures. The peak 
floor displacement is 19.9, 38.2, and 48.2 mm for the D100V structure, 25.8, 49.1, and 
62.9 mm for the D75V structure, and 28.7, 55.0, and 70.8 mm for the D60V structure for 
the first, second, and third floor, respectively. Good agreement between xt and xm is 
observed during the time history of the RTHS for the three test structures.   
Figure 8.57 shows the synchronization plots of xt and xm for the D100V, D75V, 
and D60V structures. For the D100V structure, the RMS error between xt and xm is 
11.4%, 2.6%, and 3.5% for the first, second, and third floor, respectively; for the D75V 
structure, the RMS error between xt and xm is 10.1%, 2.4%, and 2.3% for the first, second, 
and third floor, respectively; and for the D60V structure, the RMS error between xt and 
x
m is 8.5%, 2.2%, and 2.4% for the first, second, and third floor, respectively. The RMS 
error tends to decrease as the floor displacement amplitude increases from the D100V 
structure to the D60V structure. A small amount of hysteresis can be observed between xt 
and xm for the first floor, which indicates delay exists between xt and xm. This delay 
causes an RMS error greater than that of the second and third floors. The nearly linear 
relationship between xt and xm for the second and third floors indicates that xt was 
imposed accurately during the RTHS. 
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Figures 8.58 through 8.60 compare xc, xa, xm, and xt from the DBE level RTHS 
over time periods when the structural response is significant for the D100V, D75V, and 
D60V structure, respectively. Similar differences between xc, xa, xm, and xt can be 
observed for each structure: (1) xm closely tracks xt; (2) xc leads xa; (3) xa leads xm and xt; 
(4) xa has a larger amplitude than xm and xt; (5) xa leads xm and xt more for the first floor 
than for the second and third floors. The above observations indicate that the amplitude 
error and delay between xm and xt were made relatively small by using xm as the feedback 
signal for the RTHS. For example, using xa as the feedback will result in xm lagging 
severely behind xt (i.e., delay).  
 
8.4.6.3 RTHS with MCE ground motions 
Figure 8.61 compares the time history of xt and xm from the RTHS of the D100V 
structure with the MCE ground motion record RRS318. The peak floor displacement is 
32.7, 65.0, and 83.3 mm for the first, second, and third floor, respectively. Figure 8.62 
compares the time history of xt and xm from the RTHS of the D60V structure with the 
MCE ground motion record HBRA315. The figure shows that the simulation was 
discontinued due to fault of the hydraulic power supply system. The peak floor 
displacement is 51.0, 108.0, and 142.0 mm for the first, second, and third floor, 
respectively, under MCE. Good agreement between xt and xm are observed during the 
time history of the RTHS for each structure.   
Figure 8.63 and Figure 8.64 shows the synchronization plots of xt and xm for the 
D100V and D60V structures, respectively. For the D100V structure, the RMS error 
between xt and xm is 10.9%, 2.5%, and 2.6% for the first, second, and third floor, 
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respectively; and for the D60V structure, the RMS error between xt and xm is 10.1%, 
2.5%, and 3.4% for the first, second, and third floor, respectively. Similar to the DBE 
level RTHS presented in Section 8.4.6.2, hysteresis can be observed between xt and xm for 
the first floor of each structure. The delay indicated by this hysteresis causes an RMS 
error greater that of the second and third floors. Same hysteresis is also observed between 
x
t
 and xm for the third floor of the D60V structure. The nearly linear relationship between 
x
t
 and xm for the second and third floors indicates that xt was imposed accurately during 
the RTHS. 
Figure 8.65 and Figure 8.66 compares xc, xa, xm, and xt from the MCE level RTHS 
over time periods when the structural response is significant for the D100Vand D60V 
structure, respectively. Differences between xc, xa, xm, and xt are similar to those observed 
for the DBE level RTHS, as presented in Section 8.4.6.2. The amplitude error and delay 
between xm and xt were made relatively small by using xm as the feedback signal for the 
RTHS.  
 
8.4.6.4 RTHS with beyond MCE ground motions 
Figure 8.67 and Figure 8.68 compares the time history of xt and xm of the D60V 
structure from the 1.2MCE and 1.4MCE level RTHS with the ground motion record 
RRS318, respectively. The peak floor displacement is 63.5, 136.5, and 198.5 mm for the 
first, second, and third floor, respectively, under 1.2MCE, and is 77.5, 172.0, and 247.6 
mm for the first, second, and third floor, respectively, under 1.4MCE. Good agreement 
between xt and xm is observed during the time history of the RTHS.   
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Figure 8.69 and Figure 8.70 shows the synchronization plots of xt and xm from the 
1.2MCE and 1.4MCE level RTHS, respectively. For the 1.2MCE level RTHS, the RMS 
error between xt and xm is 15.1%, 3.2%, and 3.9% for the first, second, and third floor, 
respectively; and for the 1.4MCE level RTHS, the RMS error between xt and xm is 15.3%, 
11.9%, and 7.8% for the first, second, and third floor, respectively. Obvious hysteresis 
between xt and xm is observed for the first floor in the 1.2MCE level RTHS and all floors 
in the 1.4MCE level RTHS. The hysteresis indicates that time delay exists between xt and 
x
m
. Figure 8.71 and Figure 8.72 compare xc, xa, xm, and xt from the 1.2MCE and 1.4MCE 
level RTHS over time periods when the structural response is significant. The plots show 
that the amplitude error between xm and xt is small for each floor for both the 1.2MCE 
and 1.4MCE level RTHS. For the 1.2MCE level RTHS, the time delay between xm and xt 
is 30 ms for the first floor and is small (less than 2 ms) for the second and third floors; for 
the 1.4MCE level RTHS, time delay between xm and xt is 34, 20, and 7 ms for the first, 
second, and third floor, respectively. These results indicate that: (1) with the same floor 
and ceiling values of compensator coefficients for the 1.2MCE and 1.4MCE level RTHS, 
the time delay increases as the response of the D60V structure, which is nonlinear, 
increases from the 1.2MCE level RTHS to the 1.4MCE level RTHS; (2) higher ceiling 
values for compensator coefficients are required to compensate the time delay more 
effectively during the RTHS for a structure with more nonlinear response. However, 
based on the description in Section 8.3.4 and experiences from previous RTHS, the 
ceiling values for compensator coefficients are necessary to be lower to limit the 
amplification of high frequency signals by the compensator to avoid instability problem 
during the RTHS for a structure with significant nonlinear response under intense ground 
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motions. These results suggest that the ceiling values for compensator coefficients should 
be set to enable a reliable RTHS with permissible sacrifice of accuracy of the RTHS.  
 
8.5 Summary 
This chapter presents a procedure for conducting large-scale real-time hybrid 
simulation (RTHS) on a steel frame structure with nonlinear viscous dampers. Two 
phases of RTHS (i.e., Phase-1 and Phase-2) were successfully conducted on the D100V, 
D75V, and D60V structures. The RTHS were enabled by the integrated real-time hybrid 
simulation system at the NEES RTMD facility at Lehigh University. In the Phase-1 
RTHS, the experimental substructure is the single-bay DBF with one damper in each 
story, and the analytical substructure includes the single-bay MRF, the gravity load 
frames, and the seismic mass tributary to the MRF and DBF. In the Phase-2 RTHS, the 
experimental substructure includes the single-bay MRF and single-bay DBF, and the 
analytical substructure includes only the gravity load frames, and the seismic mass 
tributary to the MRF and DBF. 
In both the Phase-1 and Phase-2 RTHS, the CR algorithm was used for integrating 
the equations of motions; the ATS compensator was used for to compensate for errors 
due to the dynamics of the servo-hydraulic controller and actuators, test fixtures, and 
experimental substructure; and the measured floor displacements from the experimental 
substructure were used as the feedback for the RTHS. The RMS errors between target 
displacements and measured displacements were used to active and deactive updating of 
the ATS compensator coefficients. A practical procedure was described for selecting the 
coefficients of the ATS compensator. RTHS with FOE, DBE, and MCE level ground 
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motions were successfully conducted and the results were evaluated. The results show 
that, in most cases, the target displacements were imposed accurately on the experimental 
substructure during the RTHS when the measured displacements of the experimental 
substructure were used as feedback for the RTHS control.  

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Table 8.1 Initial values of compensator coefficients for Phase-1 RTHS 
Compensator  a0 a1 a2 
1st floor (n=1) 1.05 0.045 0.0004 
2nd floor (n=2) 1.05 0.035 0.0001 
3rd floor (n=3) 1.05 0.025 0.0001 
 
 
Table 8.2 FOE ground motions for Phase-1 RTHS of D100V structure 
EQ. 
ID 
 Earthquake Ground motion 
record 
Scale 
factor M R 
 (kM) ε 
Vs30  
(m/s) Year Name 
1 6.7 23.6 0.76 392.2 1994 Northridge A-235 0.91 
2 7.3 69.2 0.44 271.4 1992 Landers ABY090 1.30 
3 6.5 18.2 1.55 192.1 1987 Superstition Hills B-ICC000 0.63 
4 7.3 34.9 0.48 370.8 1992 Landers BRS000 1.64 
5 6.5 13 0.56 193.7 1987 Superstition Hills B-WSM090 1.04 
6 7.6 24.1 1.15 442.2 1999 Chi-Chi, Taiwan CHY046-N 0.91 
7 6.7 12.5 0.83 446 1994 Northridge CWC270 0.78 
8 6.5 22 1.39 274.5 1979 Imperial Valley H-DLT262 0.72 
9 6.5 22 1.66 274.5 1979 Imperial Valley H-DLT352 0.58 
10 6.5 12.9 1.32 162.9 1979 Imperial Valley H-E03140 0.68 
11 7.1 43.1 1.06 271.4 1999 Hector Mine HECTOR-21081360 1.13 
12 5.9 16.7 1.44 348.7 1979 Westmorland PTS315 0.89 
 
Table 8.3 DBE ground motions for Phase-1 RTHS of D100V structure 
EQ 
ID 
Earthquake Ground motion 
record 
Scale 
factor M R  (kM) ε 
Vs30  
(m/s) Year Name 
1 6.5 11.2 0.89 207.5 1987 Superstition Hills B-POE360 1.52 
2 6.7 12.5 0.55 446 1994 Northridge CWC270 1.66 
3 6.5 10.4 0.59 208.7 1979 Imperial Valley H-BRA315 1.80 
4 6.5 22.0 1.38 274.5 1979 Imperial Valley H-DLT352 1.24 
5 6.5 12.9 1.04 162.9 1979 Imperial Valley H-E03140 1.44 
6 7.1 92.0 0.67 345.4 1999 Hector Mine HECTOR-11625090 2.88 
7 7.1 43.1 0.77 271.4 1999 Hector Mine HECTOR-21081360 2.41 
8 6.9 27.9 0.64 370.8 1989 Loma Prieta HSP090 1.72 
9 5.9 16.7 1.16 348.7 1979 Westmorland PTS315 1.88 
10 6.7 6.5 2.25 282.3 1994 Northridge RRS318 0.66 
11 6.7 5.2 2.95 370.5 1994 Northridge SCE018 0.59 
12 7.6 10.5 0.66 272.6 1999 Chi-Chi, Taiwan TCU056-E 2.09 
13 7.6 9.4 0.95 475.5 1999 Chi-Chi, Taiwan TCU122-N 1.56 
14 6.9 9.3 1.87 370.8 1989 Loma Prieta WVC270 1.11 
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Table 8.4 DBE ground motions for Phase-1 RTHS of D75V structure 
EQ 
ID 
Earthquake Ground motion  
record 
Scale 
factor M R  (kM) ε 
Vs30 
 (m/s) Year Name 
1 6.5 11.2 0.89 207.5 1987 Superstition Hills B-POE360 1.52 
2 7.6 24.1 0.75 272.6 1999 Chi-Chi, Taiwan CHY047-N 2.04 
3 6.7 12.5 0.55 446 1994 Northridge CWC270 1.66 
4 6.5 10.4 0.59 208.7 1979 Imperial Valley H-BRA315 1.80 
5 6.5 22.0 1.38 274.5 1979 Imperial Valley H-DLT352 1.24 
6 6.5 12.9 1.04 162.9 1979 Imperial Valley H-E03140 1.44 
7 7.1 92.0 0.67 345.4 1999 Hector Mine HECTOR-11625090 2.88 
8 7.1 43.1 0.77 271.4 1999 Hector Mine HECTOR-21081360 2.41 
9 6.9 27.9 0.64 370.8 1989 Loma Prieta HSP090 1.72 
10 5.9 16.7 1.16 348.7 1979 Westmorland PTS315 1.88 
11 6.7 6.5 2.25 282.3 1994 Northridge RRS318 0.66 
12 6.7 5.2 2.95 370.5 1994 Northridge SCE018 0.59 
13 7.6 10.5 0.66 272.6 1999 Chi-Chi, Taiwan TCU056-E 2.09 
14 6.9 9.3 1.87 370.8 1989 Loma Prieta WVC270 1.11 
 
 
 
Table 8.5 DBE ground motions for Phase-1 RTHS of D60V structure 
EQ 
ID 
Earthquake 
Ground motion record Scale factor M R  (kM) ε 
Vs30  
(m/s) Year Name 
1 6.5 11.2 0.89 207.5 1987 Superstition Hills B-POE360 1.52 
2 7.6 24.1 0.75 272.6 1999 Chi-Chi, Taiwan CHY047-N 2.04 
3 6.7 12.5 0.55 446 1994 Northridge CWC270 1.66 
4 6.5 10.4 0.59 208.7 1979 Imperial Valley H-BRA315 1.80 
5 6.5 22.0 1.38 274.5 1979 Imperial Valley H-DLT352 1.24 
6 6.5 12.9 1.04 162.9 1979 Imperial Valley H-E03140 1.44 
7 7.1 92.0 0.67 345.4 1999 Hector Mine HECTOR-11625090 2.88 
8 7.1 43.1 0.77 271.4 1999 Hector Mine HECTOR-21081360 2.41 
9 6.9 27.9 0.64 370.8 1989 Loma Prieta HSP090 1.72 
10 5.9 16.7 1.16 348.7 1979 Westmorland PTS315 1.88 
11 6.7 6.5 2.25 282.3 1994 Northridge RRS318 0.66 
12 6.7 5.2 2.95 370.5 1994 Northridge SCE018 0.59 
13 7.6 10.5 0.66 272.6 1999 Chi-Chi, Taiwan TCU056-E 2.09 
14 7.3 10.5 0.66 272.6 1992 Landers YER360 2.06 
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Table 8.6 MCE level ground motions for Phase-1 RTHS of D100V structure 
EQ. 
ID 
Earthquake 
Ground motion 
record 
Scale 
Factor M R 
 (kM) ε 
Vs30  
(m/s) Year Name 
1 6.7 12.5 1.33 446 1994 Northridge CWC270 2.67 
2 6.5 23.9 1.28 207.5 1987 Superstition Hills B-IVW360 2.10 
3 7.6 26.3 0.64 272.6 1999 Chi-Chi, Taiwan TCU042-E 2.70 
4 7.3 23.6 0.96 353.6 1992 Landers YER360 3.31 
5 7.1 6.6 1.69 276 1999 Duzce, Turkey DZC270 1.19 
6 6.5 12.9 0.46 162.9 1979 Imperial Valley H-E03140 2.31 
7 6.7 6.5 2.03 282.3 1994 Northridge RRS318 1.07 
8 6.5 10.4 0.67 208.7 1979 Imperial Valley H-BRA315 2.89 
9 6.9 27.9 1.20 370.8 1989 Loma Prieta HSP090 2.76 
10 7.6 6.4 0.92 272.6 1999 Chi-Chi, Taiwan TCU055-N 2.57 
11 6.5 7.3 1.23 192.1 1979 Imperial Valley H-ECC002 2.35 
12 6.9 27.9 2.58 370.8 1989 Loma Prieta HSP000 1.26 
13 6.7 5.2 2.63 370.5 1994 Northridge SCE288 1.30 
14 5.9 16.7 0.76 348.7 1979 Westmorland PTS315 3.03 
 
 
 
Table 8.7 MCE level ground motions for Phase-1 RTHS of D75V structure 
EQ. 
ID 
Earthquake Ground motion 
record 
Scale 
Factor M R  (kM) ε 
Vs30  
(m/s) Year Name 
1 6.5 23.9 1.28 207.5 1987 Superstition Hills B-IVW360 2.10 
2 6.7 12.5 1.33 446 1994 Northridge CWC270 2.67 
3 7.6 26.3 0.64 272.6 1999 Chi-Chi, Taiwan TCU042-E 2.70 
4 7.6 6.4 0.92 272.6 1999 Chi-Chi, Taiwan TCU055-N 2.57 
5 7.3 23.6 0.96 353.6 1992 Landers YER360 3.31 
6 6.9 27.9 1.20 370.8 1989 Loma Prieta HSP090. 2.76 
7 6.9 27.9 2.58 370.8 1989 Loma Prieta HSP000 1.26 
8 5.9 16.7 0.76 348.7 1979 Westmorland PTS315 3.03 
9 6.5 22.0 1.44 274.5 1979 Imperial Valley H-DLT352 1.99 
10 6.9 8.5 1.29 370.8 1989 Loma Prieta STG000 1.97 
11 6.5 12.9 0.46 162.9 1979 Imperial Valley H-E03140 2.31 
12 6.7 6.5 2.03 282.3 1994 Northridge RRS318 1.07 
13 6.5 10.4 0.67 208.7 1979 Imperial Valley H-BRA315 2.89 
14 6.7 5.2 2.63 370.5 1994 Northridge SCE288 1.30 
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Table 8.8 MCE level ground motions for Phase-1 RTHS of D60V structure 
EQ. 
ID 
Earthquake Ground motion 
record 
Scale 
Factor M R  (kM) ε 
Vs30 
 (m/s) Year Name 
1 6.7 12.5 1.33 446 1994 Northridge CWC270 2.67 
2 7.1 6.6 1.69 276 1999 Duzce, Turkey DZC270 1.19 
3 6.5 22.0 1.44 274.5 1979 Imperial Valley H-DLT352 1.99 
4 6.7 6.5 2.03 282.3 1994 Northridge RRS318 1.07 
5 7.6 6.4 0.92 272.6 1999 Chi-Chi, Taiwan TCU055-N 2.57 
6 6.5 10.4 0.67 208.7 1979 Imperial Valley H-BRA315 2.89 
7 6.7 23.6 1.13 413.8 1994 Northridge NORTHR-5082-235 2.91 
 
 
Table 8.9 Normalized RMS error between xt and xm in Phase-1 RTHS of D100V structure 
with FOE ground motions 
EQ. 
ID. 
Ground motion  
record 
Peak floor displacement 
 (mm) 
Normalized RMS error between xt and xm 
(%) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 A_235 7.2 14.7 20.3 6.31 3.31 3.17 
2 ABY090 5.6 11.1 14.0 6.00 3.27 3.96 
3 B_ICC000 9.4 18.7 23.9 6.47 3.32 3.52 
4 B_WSM090 6.4 12.4 16.0 5.42 3.32 3.23 
5 BRS000 8.6 16.1 20.8 8.76 3.93 3.18 
6 CHY046_N 7.0 14.3 18.3 8.60 4.56 3.68 
7 CWC270 6.6 13.0 15.5 5.90 3.51 3.59 
8 H_DLT262 8.1 16.6 22.1 6.00 3.32 3.16 
9 H_DLT352 6.2 13.1 17.6 5.49 2.97 3.50 
10 H_E03140 7.0 14.7 20.2 7.51 3.54 3.02 
11 HECTOR_2108136
0 
8.1 15.4 19.6 6.49 3.81 3.36 
12 PTS315 9.9 19.8 25.3 5.87 3.19 3.07 
Mean 7.5 15.0 19.5 6.57 3.51 3.37 
Standard deviation 1.3 2.5 3.4 1.13 0.42 0.28 
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Table 8.10 Normalized RMS error between xt and xm in Phase-1 RTHS of D75V structure 
with FOE ground motions 
EQ. 
ID. 
Ground motion 
 record 
Peak floor displacement  
(mm) 
Normalized RMS error between xt and xm 
(%) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 A_235 9.1 19.3 26.8 5.50 3.17 2.42 
2 ABY090 8.1 15.5 20.3 5.27 2.86 2.05 
3 B_ICC000 11.6 24.4 32.4 6.04 4.78 2.32 
4 B_WSM090 8.6 17.1 22.3 5.22 3.20 2.68 
5 BRS000 11.9 23.9 31.3 7.25 2.40 2.03 
6 CHY046_N 9.0 17.3 21.5 7.24 2.89 2.10 
7 CWC270 7.4 14.6 18.3 5.75 2.85 2.39 
8 H_DLT262 7.6 16.3 21.9 6.13 3.90 2.86 
9 H_DLT352 7.9 15.5 20.2 5.33 2.92 1.92 
10 H_E03140 11.1 21.9 28.5 7.50 3.21 2.05 
11 HECTOR_2108136
0 
11.1 21.9 28.5 5.87 2.57 2.17 
12 PTS315 12.4 25.6 33.5 4.89 3.03 2.92 
Mean 9.7 19.4 25.5 6.00 3.15 2.33 
Standard deviation 1.8 3.9 5.3 0.88 0.64 0.34 
 
 
Table 8.11 Normalized RMS error between xt and xm in Phase-1 RTHS of D60V structure 
with FOE ground motions 
EQ. 
ID. 
Ground motion  
record 
Peak floor displacement  
(mm) 
Normalized RMS error between xt and xm 
(%) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 A_235 10.7 22.6 31.7 4.98 2.79 2.55 
2 ABY090 9.0 17.8 23.4 5.14 2.57 1.94 
3 B_ICC000 13.4 27.2 35.4 5.46 2.67 2.66 
4 B_WSM090 10.8 21.2 27.4 4.84 3.08 2.21 
5 BRS000 13.8 28.4 38.8 6.63 2.59 1.88 
6 CHY046_N 12.3 23.6 29.7 6.79 2.57 2.10 
7 CWC270 9.4 18.9 24.1 5.62 2.57 1.84 
8 H_DLT262 8.5 17.4 22.1 6.11 3.16 2.19 
9 H_DLT352 10.1 19.8 26.3 5.26 2.52 1.91 
10 H_E03140 9.7 20.4 28.1 5.61 2.68 2.26 
11 HECTOR_2108136
0 
10.8 21.8 29.0 5.23 2.43 1.83 
12 PTS315 13.5 28.2 37.4 4.25 2.40 2.43 
Mean 11.0 22.3 29.4 5.49 2.67 2.15 
Standard deviation 1.8 3.9 5.4 0.73 0.24 0.28 
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Table 8.12 Normalized RMS error between xt and xm in Phase-1 RTHS of D100V 
structure with DBE ground motions 
EQ. 
ID. 
Ground motion  
record 
Peak floor displacement  
(mm) 
Normalized RMS error between xt and xm 
(%) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-POE360 13.1 26.9 37.9 5.87 3.06 2.82 
2 CWC270 13.6 26.4 31.8 5.32 2.51 2.68 
3 H-BRA315 19.2 38.3 47.6 5.64 2.97 3.63 
4 H-DLT352 13.6 27.9 37.4 4.58 2.25 2.54 
5 H-E03140 15.0 31.4 43.0 5.48 2.73 2.86 
6 HECTOR-11625090 16.1 33.3 44.1 3.29 1.80 2.26 
7 HECTOR-21081360 18.8 37.0 48.3 4.07 2.92 2.80 
8 HSP090 14.8 30.3 41.2 3.83 2.31 2.43 
9 PTS315 22.1 45.7 60.3 4.28 2.38 2.49 
10 RRS318 18.7 36.1 47.1 5.27 2.66 3.27 
11 SCE018 14.4 29.2 42.2 4.34 2.49 2.11 
12 TCU056-E 12.7 25.9 34.4 4.45 1.96 1.90 
13 TCU122-N 19.9 40.5 54.6 4.73 2.45 2.54 
14 WVC270 16.8 34.6 47.3 3.16 1.71 2.05 
Mean 16.3 33.1 44.1 4.59 2.44 2.60 
Standard deviation 2.9 5.9 7.7 0.85 0.42 0.47 
 
Table 8.13 Normalized RMS error between xt and xm in Phase-1 RTHS of D75V structure 
with DBE ground motions 
EQ. 
ID. 
Ground motion  
record 
Peak floor displacement  
(mm) 
Normalized RMS error between xt and xm 
(%) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-POE360 12.9 28.0 42.2 5.83 2.72 2.37 
2 CHY047-N. 20.3 41.6 55.0 5.08 2.53 2.20 
3 CWC270 16.9 34.7 46.4 4.73 2.15 2.22 
4 H-BRA315 24.1 49.3 62.5 4.45 2.83 2.67 
5 H-DLT352 18.1 36.7 50.0 5.67 2.39 2.02 
6 H-E03140. 18.5 39.6 56.8 4.65 2.41 2.16 
7 HECTOR-11625090 20.9 43.7 59.9 3.17 1.74 1.86 
8 HECTOR-21081360 20.3 41.0 55.5 5.45 2.28 1.71 
9 HSP090 19.9 42.4 58.5 3.98 2.28 2.17 
10 PTS315 26.7 57.6 80.2 3.66 1.89 2.03 
11 RRS318 23.2 46.1 62.0 5.21 2.27 2.61 
12 SCE018 17.7 38.1 57.0 4.07 1.70 0.01 
13 TCU056-E 20.1 41.9 56.3 3.91 2.03 1.72 
14 WVC270 22.3 47.7 65.4 2.86 1.34 1.96 
Mean 20.1 42.0 57.7 4.48 2.18 1.98 
Standard deviation 3.4 7.1 9.0 0.92 0.41 0.63 
 289
Table 8.14 Normalized RMS error between xt and xm in Phase-1 RTHS of D60V structure 
with DBE ground motions 
EQ. 
ID. 
Ground motion  
record 
Peak floor displacement  
(mm) 
Normalized RMS error between xt and xm 
(%) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-POE360 15.2 30.4 45.1 5.34 2.46 2.22 
2 CHY047-N 22.2 46.5 64.2 3.83 2.11 1.69 
3 CWC270 20.8 43.3 58.7 4.05 1.93 2.25 
4 H-BRA315 28.5 58.5 77.1 3.36 2.21 2.72 
5 H-DLT352 24.6 51.1 70.9 3.43 1.61 1.55 
6 H-E03140 21.9 46.7 67.9 4.18 1.85 1.92 
7 HECTOR-11625090 26.4 54.7 74.7 3.23 1.27 1.47 
8 HECTOR-21081360 18.6 39.2 56.0 3.56 1.65 1.89 
9 HSP090 25.4 55.9 81.4 3.33 1.49 1.24 
10 PTS315 28.4 62.2 88.2 3.58 1.83 2.01 
11 RRS318 26.5 53.0 73.5 3.17 1.90 1.81 
12 SCE018 23.1 46.6 62.2 4.57 1.92 1.79 
13 TCU056-E 24.6 52.6 73.8 4.11 1.38 1.25 
14 YER360 26.6 57.5 80.0 2.93 1.61 1.53 
Mean 23.8 49.9 69.6 3.76 1.80 1.81 
Standard deviation 3.8 8.5 11.4 0.64 0.33 0.41 
 
Table 8.15 Normalized RMS error between xt and xm in Phase-1 RTHS of D100V 
structure with MCE ground motions 
EQ. 
ID. 
Ground motion  
record 
Peak floor displacement  
(mm) 
Normalized RMS error between xt and xm 
(%) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-IVW360 21.4 44.7 61.3 3.18 1.88 2.01 
2 CWC270 21.2 43.9 58.7 3.46 1.94 2.27 
3 DZC270 27.9 59.7 82.9 2.97 1.43 1.73 
4 H-BRA315 32.3 67.0 87.2 3.55 2.33 3.60 
5 H-E03140 25.8 55.9 78.6 4.21 2.10 2.16 
6 H-ECC002 30.0 61.5 82.3 2.88 1.26 1.78 
7 HSP000 34.6 74.3 102.4 2.69 1.35 2.17 
8 HSP090 25.2 53.3 73.1 2.49 1.47 1.91 
9 PTS315 37.8 81.7 111.8 3.01 1.58 2.22 
10 RRS318 31.1 63.2 83.5 3.93 1.98 2.36 
11 SCE288 36.9 77.0 103.2 3.03 1.66 1.87 
12 TCU042-E 20.6 46.0 66.6 4.54 1.76 1.92 
13 TCU055-N 26.1 55.4 74.0 2.97 1.54 2.03 
14 YER360 25.2 52.3 69.2 2.99 1.71 1.78 
Mean 28.3 59.7 81.1 3.28 1.71 2.13 
Standard deviation 5.7 11.9 15.9 0.59 0.31 0.47 
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Table 8.16 Normalized RMS error between xt and xm in Phase-1 RTHS of D75V structure 
with MCE ground motions 
EQ. 
ID. 
Ground motion  
record 
Peak floor displacement  
(mm) 
Normalized RMS error between xt and xm 
(%) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-IVW360 26.6 57.7 81.9 2.50 1.19 1.30 
2 CWC270 29.2 62.3 86.1 3.35 1.75 1.97 
3 H-BRA315 41.9 87.8 117.6 3.34 2.30 3.15 
4 H-DLT352 35.9 75.5 105.6 3.90 2.29 2.28 
5 H-E03140 31.7 69.2 100.3 3.17 1.58 1.49 
6 HSP000 41.3 88.8 126.7 3.80 1.01 1.14 
7 HSP090 36.1 80.6 117.5 2.10 1.07 1.25 
8 PTS315 42.2 92.9 133.9 3.31 1.38 1.90 
9 RRS318 37.9 77.9 107.6 3.92 1.98 1.62 
10 SCE288 52.2 111.3 157.8 1.68 0.90 1.24 
11 STG000 40.9 87.9 129.6 0.94 0.43 0.37 
12 TCU042-E 25.0 57.5 86.6 3.51 1.79 1.63 
13 TCU055-N 32.6 72.1 100.4 3.21 1.40 1.69 
14 YER360 34.9 76.8 106.4 3.61 1.51 1.47 
Mean 36.3 78.4 111.3 3.02 1.47 1.61 
Standard deviation 7.2 14.8 21.0 0.89 0.53 0.63 
 
 
Table 8.17 Normalized RMS error between xt and xm in Phase-1 RTHS of D60V structure 
with MCE ground motions 
EQ. 
ID. 
Ground motion  
record 
Peak floor displacement  
(mm) 
Normalized RMS error between xt and xm 
(%) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 CWC270 37.0 79.6 113.6 3.52 1.75 1.79 
2 DZC270 37.8 83.8 121.1 2.32 1.27 1.37 
3 H-DLT352 49.6 105.0 143.5 3.21 1.95 2.65 
4 RRS318 48.1 101.7 145.1 3.76 2.00 2.09 
5 TCU055-N 51.7 110.7 152.1 3.80 1.57 1.69 
6 H-BRA315 40.9 84.3 120.3 2.90 1.42 1.70 
7 NORTHR-5082-235 43.1 91.6 132.2 2.24 1.12 1.36 
Mean 44.0 93.8 132.6 3.10 1.58 1.81 
Standard deviation 5.9 12.0 14.7 0.65 0.34 0.45 
 
 
 
 
 291
Table 8.18 Initial values of compensator coefficients for Phase-2 RTHS 
Compensator  a0 a1 a2 
1st floor (n=1) 1.15 0.035 0.0001 
2nd floor (n=2) 1.05 0.035 0.0001 
3rd floor (n=3) 1.05 0.025 0.0001 
 
 
Table 8.19 Floor and ceiling values of compensator coefficients for Phase-2 RTHS 
Ground motion 
intensity level Compensator 
a0 
[floor 
ceiling] 
a1 
[floor 
ceiling] 
a2 
[floor ceiling] 
FOE 
1st floor (n=1) [0.7 1.4] [0 0.1] [0 0.001] 
2nd floor (n=2) [0.7 1.4] [0 0.1] [0 0.001] 
3rd floor (n=3) [0.7 1.4] [0 0.1] [0 0.001] 
DBE, 
MCE 
1st floor (n=1) [0.7 1.4] [0.005 0.5] [0.00001 0.0001] 
2nd floor (n=2) [0.7 1.4] [0.005 0.5] [0.00001 0.0001] 
3rd floor (n=3) [0.7 1.4] [0.005 0.5] [0.00001 0.0001] 
1.2MCE, 
1.4MCE 
1st floor (n=1) [1.0 1.15] [0.005 0.4] [0.00001 0.0001] 
2nd floor (n=2) [1.0 1.15] [0.005 0.4] [0.00001 0.0001] 
3rd floor (n=3) [1.0 1.15] [0.005 0.4] [0.00001 0.0001] 
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Table 8.20 Ground motions for Phase-2 RTHS of D100V structure 
EQ. 
ID 
Hazard 
level 
Earthquake Ground motion 
record 
Scale 
Factor M R 
 (kM) ε 
Vs30  
(m/s) Year Name 
1 FOE 6.5 12.9 1.32 162.9 1979 Imperial Valley H-E03140.at2 0.68 
2 DBE 6.7 6.5 2.25 282.3 1994 Northridge RRS318 0.66 
3 DBE 7.1 92.0 0.67 345.4 1999 Hector Mine HECTOR-11625090 2.88 
4 MCE 6.7 6.5 2.03 282.3 1994 Northridge RRS318 1.07 
 
 
 
Table 8.21 Ground motions for Phase-2 RTHS of D75V structure 
EQ. 
ID 
Hazard 
level 
Earthquake Ground motion 
record 
Scale 
Factor M R  (kM) ε 
Vs30  
(m/s) Year Name 
1 DBE 6.7 6.5 2.25 282.3 1994 Northridge RRS318 0.66 
 
 
 
Table 8.22 Ground motions for Phase-2 RTHS of the D60V structure 
EQ. 
ID 
Hazard 
level 
Earthquake Ground motion 
record 
Scale 
Factor M R  (kM) ε 
Vs30 
 (m/s) Year Name 
1 DBE 6.7 6.5 2.25 282.3 1994 Northridge RRS318 0.66 
2 DBE 6.5 10.4 0.59 208.7 1979 Imperial Valley H-BRA315 1.80 
3 MCE 6.5 10.4 0.67 208.7 1979 Imperial Valley H-BRA315 2.89 
4 1.2MCE 6.5 10.4 0.67 208.7 1979 Imperial Valley H-BRA315 3.47 
5 1.4MCE 6.5 10.4 0.67 208.7 1979 Imperial Valley H-BRA315 4.86 
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Figure 8.1 Schematic overview of real-time hybrid simulation at step i+1 
 
 
 
 
Figure 8.2 ATS adaptive compensator 





Figure 8.3 Integrated real-time hybrid simulation control system 
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Figure 8.4 Hydraulic power curve of actuators: (a) 2300kN actuator; (b) 1700kN actuator 
power 
 
 
   
Figure 8.5 Accumulator oil discharge versus hydraulic pressure curve 
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Figure 8.6 Substructures for Phase-2 RTHS: (a) analytical substructure; (b) experimental 
substructure 
 
 
 
Figure 8.7 Configuration of damper in DBF 
 
 
 
Figure 8.8 Equivalent linearization of nonlinear dashpot 
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Figure 8.9 Variation of compensator coefficients over time history of predefined BLWN 
tests 
 
 
 
Figure 8.10 Comparison of xt and xm during Phase-1 RTHS with BLWN ground motion 
before DBE level RTHS 
 
 
 
Figure 8.11 Variation of compensator coefficients during Phase-1 RTHS with BLWN 
ground motion before DBE level RTHS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 5 10 15 20 25 300
1
2
3
Time (s)
 
a 0
 
 
3rd floor 2nd floor 1st floor
0 5 10 15 20 25 300.02
0.04
0.06
0.08
Time (s)
 
a 1
 
 
3rd floor 2nd floor 1st floor
0 5 10 15 20 25 300.0000
0.0002
0.0004
0.0006
0.0008
0.0010
Time (s)
 
a 2
 
 
3rd floor 2nd floor 1st floor
0 5 10 15 20 25-4
-2
0
2
4
Time (s)
 
Fl
oo
r 
di
sp
.
 
(m
m
)
1st floor
 
 
xt xm
0 5 10 15 20 25-10
-5
0
5
10
Time (s)
Fl
oo
r 
di
sp
.
 
(m
m
)
2nd floor
 
 
xt xm
0 5 10 15 20 25-10
-5
0
5
10
Time (s)
Fl
oo
r 
di
sp
.
 
(m
m
)
3rd floor
 
 
xt xm
0 5 10 15 20 25
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
Time (s)
a 0
 
 
3rd floor 2nd floor 1st floor
0 5 10 15 20 250.005
0.025
0.045
0.065
Time (s)
a 1
 
 
3rd floor 2nd floor 1st floor
0 5 10 15 20 250.0000
0.0002
0.0004
0.0006
0.0008
Time (s)
a 2
 
 
3rd floor 2nd floor 1st floor
 297
 
Figure 8.12 Comparison xt and xm during Phase-1 RTHS with BLWN ground motion 
before MCE level RTHS 
 
 
 
 
Figure 8.13 Variation of compensator coefficients during Phase-1 RTHS with BLWN 
ground motion before MCE level RTHS 
 
 
  
Figure 8.14 Magnitude of FRF of ATS compensator 
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
Figure 8.15 Spectra and median spectrum of FOE ground motions for Phase-1 RTHS 




Figure 8.16 Median spectrum and variation in spectra of FOE ground motions for Phase-
1 RTHS: (a) median spectrum; (b) variation 
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
Figure 8.17 Spectra and median spectrum of DBE ground motions for Phase-1 RTHS of 
D100V structure 


 
Figure 8.18 Spectra and median spectrum of DBE ground motions for Phase-1 RTHS of 
D75V structure 



Figure 8.19 Spectra and median spectrum of DBE ground motions for Phase-1 RTHS of 
D60V structure 
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Figure 8.20 Median spectrum and variation in spectra of DBE ground motions for Phase-
1 RTHS of D100V structure: (a) median spectrum; (b) variation 
 
 
 
Figure 8.21 Median spectrum and variation in spectra of DBE ground motions for Phase-
1 RTHS of D75V structure: (a) median spectrum; (b) variation 
 
 

Figure 8.22 Median spectrum and variation in spectra of DBE ground motions for Phase-
1 RTHS of D60V structure: (a) median spectrum; (b) variation 
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
Figure 8.23 Spectra and median spectrum of MCE ground motions for Phase-1 RTHS of 
D100V structure 
 
 
 
Figure 8.24 Spectra and median spectrum of MCE ground motions for Phase-1 RTHS of 
D75V structure 
 
 
 
 
Figure 8.25 Spectra and median spectrum of MCE ground motions for Phase-1 RTHS of 
D60V structure 
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Figure 8.26 Median spectrum and variation in spectra of MCE ground motions for Phase-
1 RTHS of D100V structure: (a) median spectrum; (b) variation 

 
 
Figure 8.27 Median spectrum and variation in spectra of MCE ground motions for Phase-
1 RTHS of D75V structure: (a) median spectrum; (b) variation 

 
 
Figure 8.28 Median spectrum and variation in spectra of MCE ground motions for Phase-
1 RTHS of D60V structure: (a) median spectrum; (b) variation 
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(a) 
 
(b) 
 
(c) 
Figure 8.29 Floor displacements from Phase-1 RTHS with FOE record H-E03140: (a) 
D100V; (b) D75V; (c) D60V 
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(a) 
 
 
(b) 
 
 
(c) 
Figure 8.30 Synchronization plots of floor displacements from Phase-1 RTHS with FOE 
record H-E03140: (a) D100V; (b) D75V; (c) D60V 
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Figure 8.31 Comparison between xc, xa, xm and xt of D100V structure from Phase-1 
RTHS with FOE record H-E03140 

 
Figure 8.32 Comparison between xc, xa, xm and xt of D75V structure from Phase-1 RTHS 
with FOE record H-E03140 

 
Figure 8.33 Comparison between xc, xa, xm and xt of D60V structure from Phase-1 RTHS 
with FOE record H-E03140 
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(a) 
 
(b) 
 
(c) 
Figure 8.34 Floor displacements from Phase-1 RTHS with DBE record RRS318: (a) 
D100V; (b) D75V; (c) D60V 
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(a) 
 
 
(b) 
 
 
(c) 
Figure 8.35 Synchronization plots of floor displacements from Phase-1 RTHS with DBE 
record RRS318: (a) D100V; (b) D75V; (c) D60V 
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Figure 8.36 Comparison between xc, xa, xm and xt of D100V structure from Phase-1 
RTHS with DBE record RRS318 

 
Figure 8.37 Comparison between xc, xa, xm and xt of D75V structure from Phase-1 RTHS 
with DBE record RRS318 

 
Figure 8.38 Comparison between xc, xa, xm and xt of D60V structure from Phase-1 RTHS 
with DBE record RRS318 
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(a) 
 
(b) 
 
(c) 
Figure 8.39 Floor displacements from Phase-1 RTHS with MCE record RRS318: (a) 
D100V; (b) D75V; (c) D60V 
0 2 4 6 8 10 12 14 16 18
-100
-50
0
50
100
3r
d 
flo
o
r
 
 
xt xm
0 2 4 6 8 10 12 14 16 18
-100
-50
0
50
100
Fl
o
o
r 
di
sp
la
ce
m
e
n
t (m
m
) 
 
2n
d 
flo
o
r 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 2 4 6 8 10 12 14 16 18
-100
-50
0
50
100
Time (s)
1s
t f
lo
o
r
 
 
0 2 4 6 8 10 12 14 16 18
-120
-80
-40
0
40
80
120
3r
d 
flo
o
r
 
 
xt xm
0 2 4 6 8 10 12 14 16 18
-120
-80
-40
0
40
80
120
Fl
o
o
r 
di
sp
la
ce
m
e
n
t (m
m
) 
 
2n
d 
flo
o
r 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 2 4 6 8 10 12 14 16 18
-120
-80
-40
0
40
80
120
Time (s)
1s
t f
lo
o
r
 
 
0 2 4 6 8 10 12 14 16 18
-150
-100
-50
0
50
100
150
3r
d 
flo
o
r
 
 
xt xm
0 2 4 6 8 10 12 14 16 18
-150
-100
-50
0
50
100
150
Fl
o
o
r 
di
sp
la
ce
m
e
n
t (m
m
) 
 
2n
d 
flo
o
r 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 2 4 6 8 10 12 14 16 18
-150
-100
-50
0
50
100
150
Time (s)
1s
t f
lo
o
r
 
 
 310
 
(a) 
 
 
(b) 
 
 
(c) 
Figure 8.40 Synchronization plots of floor displacements from Phase-1 RTHS with MCE 
record RRS318: (a) D100V; (b) D75V; (c) D60V 
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Figure 8.41 Comparison between xc, xa, xm and xt of D100V structure from Phase-1 
RTHS with MCE record RRS318 


 
Figure 8.42 Comparison between xc, xa, xm and xt of D75V structure from Phase-1 RTHS 
with MCE record RRS318 


 
Figure 8.43 Comparison between xc, xa, xm and xt of D60V structure from Phase-1 RTHS 
with MCE record RRS318 
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Figure 8.44 Substructures for Phase-2 RTHS: (a) analytical substructure; (b) 
experimental substructure 
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(a) 
 
 
 
(b) 
Figure 8.45 Photographs of experimental substructure for Phase-2 RTHS: (a) front view; 
(b) top view 
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Figure 8.46 Comparison of xt and xm during Phase-2 RTHS with BLWN ground motion 
before MCE level RTHS 
 
 
 
Figure 8.47 Variation of compensator coefficients during Phase-2 RTHS with BLWN 
ground motion before MCE level RTHS 
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Figure 8.48 Spectrum of FOE ground motion for Phase-2 RTHS 

 
Figure 8.49 Spectra of DBE ground motions for Phase-2 RTHS 

 
Figure 8.50 Spectra of MCE ground motions for Phase-2 RTHS 
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Figure 8.51 Spectrum of ground motion scaled to 1.2MCE for Phase-2 RTHS 
 
 
 
Figure 8.52 Spectrum of ground motion scaled to 1.4MCE for Phase-2 RTHS 
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Figure 8.53 Floor displacements of D100V structure from Phase-2 RTHS with FOE 
record HE03140 

 
Figure 8.54 Synchronization plots of floor displacements of D100V structure from Phase-
2 RTHS with FOE record HE03140 


 
Figure 8.55 Comparison between xc, xa, xm and xt of D100V structure from Phase-2 
RTHS with FOE record HE03140 
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(a) 
 
(b) 
 
 (c) 
Figure 8.56 Floor displacements of D100V structure from Phase-2 RTHS with DBE 
record RRS318: (a) D100V; (b) D75V; (c) D60V 
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(a) 
 
(b) 
 
(c) 
Figure 8.57 Synchronization plots of floor displacements from Phase-2 RTHS with DBE 
record RRS318: (a) D100V; (b) D75V; (c) D60V 
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Figure 8.58 Comparison between xc, xa, xm and xt of D100V structure from Phase-2 
RTHS with DBE record RRS318 


  
Figure 8.59 Comparison between xc, xa, xm and xt of D75V structure from Phase-2 RTHS 
with DBE record RRS318 


 
Figure 8.60 Comparison between xc, xa, xm and xt of D60V structure from Phase-2 RTHS 
with DBE record RRS318 
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Figure 8.61 Floor displacements of D100V structure from Phase-2 RTHS with MCE 
record RRS318 
 
 
 
Figure 8.62 Floor displacements of D60V structure from Phase-2 RTHS with MCE 
record H-BRA315 
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Figure 8.63 Synchronization plot of floor displacements of D100V structure from Phase-
2 RTHS with MCE record RRS318 


 
Figure 8.64 Synchronization plots of floor displacements of D60V structure from Phase-2 
RTHS with MCE record H-BRA315 
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Figure 8.65 Comparison between xc, xa, xm and xt of D100V structure from Phase-2 
RTHS with MCE record RRS318 



 
Figure 8.66 Comparison between xc, xa, xm and xt of D100V structure from Phase-2 
RTHS with MCE record RRS318 
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Figure 8.67 Floor displacements of D60V structure from Phase-2 RTHS with 1.2MCE 
record H-BRA315 
 
 
 
Figure 8.68 Floor displacements of D60V structure from Phase-2 RTHS with 1.4MCE 
record H-BRA315 
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Figure 8.69 Synchronization plots of floor displacements of D60V structure from Phase-2 
RTHS with 1.2MCE record H-BRA315 


 
Figure 8.70 Synchronization plot of floor displacements of D60V structure from Phase-2 
RTHS with 1.4MCE record H-BRA315 
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Figure 8.71 Comparison between xc, xa, xm and xt of D60V structure from Phase-2 RTHS 
with 1.2MCE record H-BRA315 
 
 
  
Figure 8.72 Comparison between xc, xa, xm and xt of D60V structure from Phase-2 RTHS 
with 1.4MCE record H-BRA315 
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Chapter 9  
Seismic Response and Performance of Structures with Nonlinear Viscous Dampers 
in Phase-1 RTHS 
 
9.1 General  
This chapter presents the seismic response and performance of the test structures 
in real-time hybrid earthquake simulations (RTHS). RTHS with ground motions at the 
frequently occurring earthquake (FOE), design basis earthquake (DBE), and maximum 
considered earthquake (MCE) hazard levels were conducted on the D100V, D75V, and 
D60V structures. The effects of reduction in base shear design strength, relative to the 
required base shear design strength (per ASCE 7-10), on the response of these structures 
are discussed.  
 
9.2 Seismic Response of Structures in RTHS with FOE Ground Motions 
9.2.1 Story Drift Response 
The story drift response of the test structures in the RTHS under the FOE ground 
motions is summarized in Table 9.1. The second story has a larger peak story drift ratio 
than the first and third stories for all the structures. The maximum mean peak story drift 
ratio for the ensemble of FOE ground motions for the D100V, D75V, and D60V structure 
is 0.33%, 0.43%, and 0.49% radians, respectively. The mean peak story drifts for all the 
structures, even for the structures designed with reduced design base shear strength (i.e., 
D75V and D60V), are less than 0.5% radians, which indicates the structures responded 
elastically during the RTHS with the FOE level ground motions. The values of the 
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coefficient of variation (COV) are in the range from 0.17 to 0.21, which suggests a 
narrow dispersion of the peak story drifts under the ground motions. The increase of the 
maximum mean peak story drift ratio from the D100V structure to the D75V and D60V 
structure is 30% and 49%, which is slightly larger than the 25% and 40% reduction in 
base shear design strength from the D100V structure to the D75V and D60V structure, 
respectively.  
Figures 9.1 through 9.3 show the probability of exceedance (POE) for the peak 
story drift ratio of each test structure. In the figures, the data points correspond to the 
POE directly from the RTHS peak story drift ratio results, and the continuous line is a 
lognormal distribution fit to the data points. As illustrated, the lognormal cumulative 
distribution fits the data, which indicates the peak story drift ratio response can be 
assumed to be lognormally distributed. Accordingly, the probability of the peak story 
drift ratio exceeding the limit for a certain performance level can be estimated. For 
example, the POE for the “Immediate Occupancy” performance level story drift limit 
(0.7% radians) for the D100V, D75V, and D60V structures under the FOE is much less 
than 1%. 
 
9.2.2 Floor Velocity and Floor Acceleration Response 
Table 9.2 summarizes the peak floor velocities of the test structures from the 
RTHS under the FOE ground motions. The third floor has a larger peak floor velocity 
than the first and second floors for all the structures. The peak floor velocity increases for 
the structures with a reduced base shear design strength. The maximum mean peak floor 
velocity for the D100V, D75V, and D60V structure is 0.219, 0.233, and 0.243 m/s, 
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respectively. The COV values are in the range from 0.16 to 0.18, which suggests a 
narrow dispersion of the peak floor velocities. The increase of the maximum mean peak 
floor velocity is 6% and 11% from the D100V structure to the D75V and D60V structure, 
respectively. As can be seen, the percentages of increase in floor velocities are smaller 
than the percentages of increase in story drifts. 
Table 9.3 summarizes the peak total floor accelerations of the structures from the 
RTHS. The third floor has a larger peak floor acceleration than the first and second floors 
for all the structures and the peak floor velocity decreases for the structures with a 
reduced base shear design strength. The maximum mean peak floor acceleration for the 
D100V, D75V, and D60V structures is 0.324g, 0.281g, and 0.259g, respectively. The 
COV values are in the range from 0.09 to 0.17, suggesting a narrow dispersion of the 
peak floor accelerations. The reduction of the maximum mean peak floor acceleration is 
13% and 20% from the D100V structure to the D75V and D60V structures, respectively. 
Although the percentage reduction in the peak floor acceleration is not as large as the 
percentage increase in story drift, the results show that structures with nonlinear viscous 
dampers designed with reduced base shear design strength and nonlinear viscous dampers 
have reduced floor acceleration response.  
Figure 9.4 through Figure 9.6 show the floor acceleration response spectra for the 
test structures. The median floor acceleration response spectra for the ensemble of FOE 
ground motions and the FOE (50% POE in 50 years) UHS are also shown in the figures. 
Overall, the amplitude of the median floor acceleration response spectra of the D100V 
structure is greater than that of the D75V and D60V structures; and for each structure, the 
amplitude of the median floor acceleration response spectra of the third floor is greater 
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than that of the first and second floors. For all the test structures, except at short periods 
(less than 0.2 second), the amplitude of the median floor acceleration response spectra of 
the third floor is larger than the UHS. 
 
9.2.3 Response of Analytical Substructure 
The response of the analytical substructure (i.e., the MRF) from the RTHS under 
the FOE ground motions is discussed in terms of peak RBS rotation, peak column 
rotation, and peak panel zone shear deformation. The RBS rotation is defined as the 
relative rotation across the length of the RBS. The column rotation is defined as the 
relative rotation of the column section across a length equal to two times the column 
section depth measured from the top flange of the floor beam at each floor level with the 
assumption that a plastic hinge would form at about one column depth from the top 
flange of the floor beam. Table 9.4, Table 9.5, and Table 9.6 summarize the peak RBS 
rotations, the peak column rotations, and the peak panel zone shear deformations of the 
test structures, respectively. The peak RBS rotation in the first floor is larger than that in 
the second and third floors for each structure, and the peak column rotation in the first 
story is larger than that in the second and third stories for each structure, which is the 
typical response of an MRF. 
For the D100V structure, the mean peak RBS rotation is 0.12%, 0.09%, and 
0.06% radians for the RBS for the first, second, and third floor, respectively; the mean 
peak column rotation is 0.15%, 0.08%, and 0.03% radians for the first, second, and third 
story, respectively; and the mean peak panel zone shear deformation is 0.05%, 0.04%, 
and 0.02% radians for the first, second, and third floor, respectively. The peak RBS 
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rotations, the peak column rotation, and the peak panel zone shear deformation are small, 
indicating the RBS, MRF columns, and panel zones of the D100V structure were 
essentially elastic under the FOE ground motion. 
 For the D75V structure, the mean peak RBS rotation is 0.15%, 0.12%, and 0.09% 
radians for the first, second, and third floor, respectively; the mean peak MRF column 
rotation is 0.19%, 0.10%, and 0.04% radians for the first, second, and third story, 
respectively; and the mean peak panel zone shear deformation is 0.07%, 0.05%, and 
0.03% radians for the first, second, and third floor, respectively. Similar to the D100V 
structure, the peak RBS rotations, peak MRF column rotation, and peak panel zone shear 
deformation of the D75V structure are small, indicating the RBS, MRF columns, and 
panel zones of the D75V structure were essentially elastic under the FOE level ground 
motion simulations.  
For the D60V structure, the mean peak RBS rotation is 0.17%, 0.14%, and 0.10% 
radians for the first, second, and third floor, respectively; the mean peak column rotation 
is 0.22%, 0.12%, and 0.04% radians for the first, second, and third story, respectively; 
and the mean peak panel zone shear deformation is 0.07%, 0.06%, and 0.03% radians for 
the first, second, and third floor, respectively. The RBS rotation, MRF column rotation, 
and panel zone shear deformation demonstrate of the D60V structure are small, 
indicating the structure was essentially elastic under the FOE ground motions.  
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9.2.4 Response of Experimental Substructure  
The response of the experimental substructure (i.e., the DBF with nonlinear 
viscous dampers) and its interaction with the analytical substructure (i.e., the MRF), 
during the RTHS with the FOE ground motions are presented in this section.  
 
9.2.4.1 Brace-Damper Interaction  
Since the nonlinear viscous damper is placed between the inverted chevron brace 
and floor beam in each story of the DBF, the story drift of the DBF is distributed into the 
damper deformation and deformations of the components that connect the damper to 
floor beams and the braces and related connections. Accordingly, the damper force versus 
damper deformation hysteresis loops and damper force versus story drift hysteresis loops 
were plotted together for comparison.  
Figure 9.7 through Figure 9.9 show the damper force versus damper deformation 
and damper force versus story drift hysteresis loops of the D100V, D75V, and D60V 
structures from the RTHS with ground motion record BRS000. As illustrated, the story 
drifts are larger than the damper deformations and the damper force-story drift hysteresis 
loops are inclined relative to the damper force-damper deformation hysteresis loops. The 
inclined damper force-story drift hysteresis loops indicate a considerable difference 
between the damper deformation and the story drift due to the elastic flexibility of the 
DBF. This elastic flexibility is within the force path from the dampers to the seismic mass 
degrees of freedom (DOF) of the structure, including the connections, braces, beams, and 
columns of the DBF. These damper force-story drift hysteresis loops suggest that the 
DBF-damper system has viscoelastic behavior (rather than purely viscous behavior), 
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which will produce larger damper forces (than purely viscous behavior) at the time when 
the story drifts are at their peak values, i.e., the damper forces are partially in phase with 
the story drifts.  
 
9.2.4.2 Combination of Axial Force and Bending Moment in DBF Columns  
Figure 9.10 through Figure 9.12 show the axial force versus bending moment 
response for the columns in the first story of the D100V, D75V, and D60V structures, 
respectively, during the RTHS with ground motion record BRS000. The P-M strength 
curve of the MRF columns based on the AISC 360-10 strength formulae for beam-
column members subjected to flexure and axial forces is also plotted in the Figures. The 
nominal axial and flexural strength of the column section was used in the formulae. For 
the MRF columns, the axial force is in phase with the bending moment, so the peak axial 
force and peak bending moment develop concurrently. The in-phase behavior of the axial 
force-bending moment response of an MRF column can be easily understood, since the 
axial forces in the MRF columns are related to bending moments and shears in the beams, 
and the bending moments in the columns are related to bending moments in the beams. 
Unlike the MRF columns, the axial force-bending moment response in a DBF column 
exhibits significant hysteresis. The axial force in a DBF column consists of two parts: one 
part of the axial force is due to flexure in the DBF, which is similar to the axial force in 
the MRF columns; and the second part of the axial force is due to the damper forces, as 
the DBF column functions as part of the complete force path for the damper forces. As 
can be seen, due to the partially in-phase behavior of the damper forces with the story 
drifts in the DBF, the peak axial forces in the DBF columns are larger than the peak axial 
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forces in the MRF columns. Moreover, the axial forces in the DBF columns are relatively 
large at times when the bending moments are small.  
Table 9.7 through Table 9.9 summarize the axial forces at the times when the 
bending moments are at their peak values in the MRF and DBF columns of the test 
structures from the RTHS with FOE ground motions. For the D100V structure, the mean 
axial force in the MRF columns is only 0.35, 0.19, and 0.07 times the mean axial force in 
the DBF columns for the first, second, and third story, respectively; for the D75V 
structure, the mean axial force in the MRF columns is only  0.39, 0.22, and 0.08 times the 
mean axial force in the DBF columns for the first, second, and third story, respectively; 
and for the D60V structure, the mean axial force in the MRF columns is only 0.42, 0.24, 
and 0.14 times the mean axial force in the DBF columns for the first, second, and third 
story, respectively. The differences in axial forces of the MRF and DBF columns are 
large, which must be accounted for in the design of structures with nonlinear viscous 
dampers. 
 
9.2.4.3 Story Shear Force Distribution in Test Structures 
Story Shear Force Distribution in DBF 
Figure 9.13, Figure 9.14, and Figure 9.15 shows the story shear force versus story 
drift response for each story of the DBF during the RTHS using the FOE ground motion 
record BRS000 of the D100V, D75V, and D60V structures, respectively. Superimposed 
on the figures are the damper force and column shear force versus the story drift. The 
forces plotted in the figures are normalized by the seismic weight (Ws). It is seen that the 
column shear force has a pseudo-linear relationship with the story drift for each story of 
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the DBF, which indicates the shear forces in the DBF columns are essentially in phase 
with the story drifts. However, the damper force-story drift hysteresis is inclined, 
showing that the damper forces are partially in phase with the story drifts. The in-phase 
portion of the damper forces and the shear forces in the DBF columns produce total DBF 
story shear forces that are much larger than the shear forces in the DBF columns. 
Table 9.10 through Table 9.12 summarize the normalized DBF story shear forces 
at the time of peak story drifts and the distribution between the DBF column shear forces 
and the damper forces at the time of peak story drift. Notably, the damper forces 
contribute significantly to the DBF story shear forces at the time of peak story drift. The 
damper forces contribute a slightly larger part of the total DBF story shear for the D100V 
structure than for the D75V and D60V structures, which suggests the in-phase behavior 
of the damper force with respect to the story drift is slightly more pronounced in the 
D100V structure than in the D75V and D60V structures. In each structure, the damper 
force contributes a larger part of the total DBF story shear for the third story than for the 
first and second stories. This partially in-phase behavior of the damper force with the 
story drift tends to add in-phase story stiffness to the DBF, as shown schematically in 
Figure 9.16. The total story stiffness of the DBF, KDBF, includes the stiffness of the DBF 
column, KDBFcolumn, and the added stiffness, Kdamper, due to the in-phase portion of the 
damper force. KDBF, KDBFcolumn, and Kdamper can be obtained as the ratio of the total DBF 
story shear force, column shear force, and damper force at the time of peak story drift 
over the peak story drift, respectively. 
Table 9.13 presents the mean and COV of Kdamper for each story of the DBF in the 
RTHS with FOE ground motions. Kdamper of the D100V structure is larger than that of the 
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D75V and D60V structures. This result can be explained by the fact that the D60V and 
D75V structures have larger story drifts than the D100V structure and the dampers are 
nonlinear. For each test structure, the third story has a larger Kdamper than the first and 
second stories, because the third story has the smallest story drift. A larger value of 
Kdamper indicates the damper force-story drift response has more pronounced in-phase 
behavior. This partially in-phase behavior of damper force with story drift adds story 
stiffness to the DBF, which can be beneficial to reducing the story drift response but may 
reduce the efficiency of the dampers in providing damping to the structure.  
Story Shear Force Distribution in Test Structure 
Figure 9.17, Figure 9.18, and Figure 9.19 shows the story shear force distribution 
between the MRF and DBF normalized by the seismic weight (Ws) for the D100V, 
D75V, and D60V structures, respectively, during the RTHS using the FOE ground 
motion record BRS000. The MRF story shear force, the DBF story shear force, and the 
sum of the MRF and DBF story shear forces (MRF+DBF) are plotted versus the story 
drift in the figures. As illustrated, the in-phase component of the DBF story shear force 
and the MRF story shear force produce a total story shear force (MRF+DBF) that is much 
larger than the MRF story shear force. By defining the story stiffness as the ratio of story 
shear force over story drift at the time of peak story drift, it can be seen that significant 
story stiffness is added to the total structure by the DBF with nonlinear viscous dampers, 
as shown schematically in Figure 9.20. The total story stiffness of the test structure, 
KMRF+DBF, includes the stiffness of the MRF, KMRF, and the added stiffness, KDBF, due to 
the DBF story shear that is in-phase with the story drift. 
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Table 9.14, Table 9.15, and Table 9.16 presents the normalized values of 
MRF+DBF story shear force at the time of peak story drift, and the contributions from 
the MRF and DBF, for the D100V, D75V, and D60V structure, respectively. For the 
D100V structure, the damper force accounts for 69%, 82%, and 89% of the DBF story 
shear force (Table 9.10) which contributes 59%, 67%, and 88% of the MRF+DBF story 
shear force (Table 9.14) in the first, second, and third story, respectively; for the D75V 
structure, the damper force accounts for 66%, 78%, and 89% of the DBF story shear 
force (Table 9.11) which contributes 58%, 63%, and 88% of the MRF+DBF story shear 
force (Table 9.15) in the first, second, and third story, respectively; and for the D60V 
structure, the damper force accounts for 65%, 78%, and 88% of the DBF story shear 
force (Table 9.12) which contributes 57%, 61%, and 86% of the MRF+DBF story shear 
force (Table 9.16) in the first, second, and third story, respectively. The contributions of 
the damper forces to the MRF+DBF story shear forces at the times of peak story drifts are 
significant.  
 
9.2.5 Dynamic Properties of Test Structures in RTHS with FOE Ground Motions 
The frequency response transfer function (FRF) between the ground motion 
acceleration input and the structural response during an RTHS was used to estimate the 
first mode natural frequency and equivalent damping ratio provided by the dampers of 
each test structure. The FRF is calculated as the quotient of the fast Fourier transform 
(FFT) of the output over the FFT of the input. One FRF is calculated for each RTHS, 
where the input is the individual ground acceleration and the output is the total floor 
acceleration of each floor. An ensemble of FRFs was generated for each test structure 
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from the RTHS using the ensemble of ground motions. The mean FRF of the ensemble of 
FRFs, which characterizes the dynamics of the structural system in the average sense, is 
used to identify the natural frequency and equivalent damping ratio of the test structures.  
Figure 9.21 shows the amplitudes of the mean FRF versus the frequency for each 
floor of each test structure. The first mode natural frequency of each test structure was 
estimated from the peak of the mean FRF based on the third floor acceleration response, 
and the equivalent damping ratio corresponding to each peak was estimated using the 
half-power bandwidth method (Chopra 2011). The estimated total equivalent damping 
ratio was taken as ξt, which is the sum of the equivalent damping ratio provided by the 
dampers, ξe, plus the inherent damping ratio of the building (which represents other 
energy dissipation within the building during low-amplitude dynamic response). ξe was 
estimated by subtracting the assumed inherent damping ratio of the building (2%, which 
was included in the analytical substructure in the RTHS) from the estimated ξt. 
Table 9.17 presents the results. The first mode natural frequency is estimated as 
1.86, 1.61, and 1.38 Hz for the D100V, D75V, and D60V test structures, respectively. 
The estimated first mode natural frequency of each test structure from the RTHS is higher 
than the first mode natural frequency of the test structure without dampers which was 
estimated as described in Chapter 4 and is 1.2, 1.04, and 0.93 Hz for the D100V, D75V, 
and D60V structure, respectively. The estimated equivalent damping ratio provided by 
the dampers, ξe, is 18%, 19%, and 25% for the D100V, D75V, and D60V test structure, 
respectively. 
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9.3 Seismic Response of Structures in RTHS with DBE Ground Motions 
9.3.1 Story Drift Response 
The story drift response of the test structures in the RTHS under the DBE ground 
motions is summarized in Table 9.18, Table 9.19, and Table 9.20. The residual story drift 
response of each test structure is also summarized in the tables. The second story has a 
larger peak story drift ratio and residual story drift ratio than the first and third stories for 
all the structures. The maximum mean peak story drift ratio is 0.76%, 0.98%, and 1.17% 
radians for the D100V, D75V, and D60V structures, respectively; and the maximum 
mean residual story drift ratio is 0.03%, 0.05%, and 0.06% radians for the D100V, D75V, 
and D60V structures, respectively. The increase of the maximum mean peak story drift 
ratio from the D100V structure to the D75V and D60V structure is 29% and 54%, which 
is close to the 25% and larger than the 40% reduction in base shear design strength from 
the D100V structure to the D75V and D60V structure, respectively. The COV values for 
the peak story drift ratios are less than 0.2 for all the structures, which suggests a narrow 
dispersion of the peak story drifts under the DBE ground motions. The small values of 
mean residual story drifts of all the structures indicate the structures responded nearly 
elastically under the DBE ground motions. The COV values for the residual story drifts 
vary from 0.47 to 1.09 for the test structures, which indicate a wide dispersion of the 
residual story drifts of the structures under the DBE ground motions. 
Figure 9.22 through Figure 9.24 show the POE for the peak story drift ratio of 
each test structure. In the figures, the data points correspond to the POE directly from the 
RTHS peak story drift ratio results, and the continuous line is a lognormal distribution fit 
to the data points. As illustrated, the lognormal cumulative distribution fits the data, 
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which indicates the peak story drift ratio response can be assumed to be lognormally 
distributed. Accordingly, the probability of the peak story drift ratio exceeding the limit 
for a certain performance level can be estimated. The POE for the “Immediate 
Occupancy” performance level story drift limit (0.7% rad) for the D100V, D75V, and 
D60V structure under the DBE is 68%, 97%, and 99%, respectively. The POE for the 
“Life Safety” performance level story drift limit (2.5% rad) for all the structures under 
the DBE is less than 1%.  
 
9.3.2 Floor Velocity and Floor Acceleration Response 
Table 9.21 through Table 9.23 summarize the peak floor velocities of the test 
structures from the RTHS under the DBE ground motions. The third floor has a larger 
peak floor velocity than the first and second floors for all the structures. The maximum 
mean peak floor velocity is 0.435, 0.466, and 0.485 m/s for the D100V, D75V, and D60V 
structures, respectively. The COV values for the peak floor velocities are less than 0.2 for 
all the structures. The maximum mean peak floor velocity of the D75V and D60V 
structure is 7% and 11% larger than that of the D100V structure, which indicates the 
increase of floor velocity demand is not proportional to the increase of story drift demand 
for structures as the base shear design strength is reduced.  
Table 9.21 through Table 9.23 also summarize the peak total floor accelerations 
of the test structures from the RTHS under the DBE ground motions. The third floor has 
a larger peak floor acceleration than the first and second floors for all the structures. The 
maximum mean peak floor acceleration for the D100V, D75V, and D60V structures is 
0.559g, 0.482g, and 0.424g, respectively. The COV values are in the range from 0.09 to 
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0.20. The peak floor acceleration decreases for the structures with a reduced base shear 
design strength. The reduction of the maximum mean peak floor acceleration from the 
D100V structure to the D75V and D60V structure is 14% and 25%, respectively. 
Although the percentage reduction in the peak floor acceleration is not as large as the 
percentage increase in story drift, the results show that structures with reduced base shear 
design strength and nonlinear viscous dampers have reduced floor acceleration response.  
Figure 9.25 through Figure 9.27 show the floor acceleration response spectra for 
the test structures. The median floor acceleration response spectra for the ensemble of 
DBE ground motions and the DBE (10% in 50 years) UHS are also shown in the figures. 
The amplitude of the median floor acceleration response spectra of the D100V structure 
is greater than that of the D75V and D60V structures. For each structure, the amplitude of 
the median floor acceleration response spectra of the third floor is greater than that of the 
first and second floors. For all three structures, the peak amplitude of the first floor 
acceleration response spectra is about 1.0g at periods shorter than 0.6 second, and is 
similar to the peak value of the DBE UHS at the building site.  
 
9.3.3 Response of Analytical Substructure 
Table 9.24, Table 9.25, and Table 9.26 summarize the peak RBS rotations, 
residual RBS rotations, peak MRF column rotations, residual MRF column rotations, 
peak panel zone shear deformations, and residual panel zone shear deformations during 
the RTHS under the DBE ground motions for the D100V, D75V, and D60V structure, 
respectively.  
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For the D100V structure, the mean peak RBS rotation is 0.35%, 0.22%, and 
0.15% radians for the first, second, and third floor, respectively; the mean peak column 
rotation is 0.33%, 0.17%, and 0.06% radians for the first, second, and third story, 
respectively; and the mean peak panel zone shear deformation is 0.12%, 0.12%, and 
0.09% radians for the first, second, and third floor, respectively. The mean residual RBS 
rotations, mean residual column rotations, and mean residual panel zone shear 
deformations are negligible, which indicates the RBS, the columns, the panel zones of the 
D100V structure were essentially elastic under the DBE ground motion. 
For the D75V structure, the mean peak RBS rotation is 0.55%, 0.31%, and 0.21% 
radians for the first, second, and third floor, respectively; the mean peak column rotation 
is 0.40%, 0.19%, and 0.09% radians for the first, second, and third story, respectively; 
and the mean peak panel zone shear deformation is 0.12%, 0.11%, and 0.07% radians for 
the first, second, and third floor, respectively. The mean residual RBS rotation is 0.13%, 
0.04%, and 0.01% radians for the first, second, and third floor, respectively. The 
observable mean residual RBS rotation for the first floor indicates yielding occurred in 
the RBS in the first floor. The negligible mean residual column rotations and residual 
panel zone shear deformations indicate the columns and panel zones of the D75V 
structure were essentially elastic under the DBE ground motions.  
For the D60V structure, the mean peak RBS rotation is 0.77%, 0.46%, and 0.29% 
radians for the first, second, and third floor, respectively; the mean peak column rotation 
is 0.47%, 0.20%, and 0.12% radians for the first, second, and third story, respectively; 
and the mean peak panel zone shear deformation is 0.12%, 0.12%, and 0.09% radians for 
the first, second, and third floor, respectively. The mean residual RBS rotation is 0.13%, 
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0.09%, and 0.03% radians for the first, second, and third floor, respectively. Similar to 
the D75V structure, yielding occurred in the RBS in the first floor of the D60V structure. 
The columns and panel zones of the D60V structure were essentially elastic under the 
DBE ground motions.  
 
9.3.4 Response of Experimental Substructure 
The response of the experimental substructure (i.e., the DBF with nonlinear 
viscous dampers) and its interaction with the analytical substructure (i.e., the MRF) 
during the RTHS with the DBE ground motions are presented in this section.  
 
9.3.4.1 Brace-Damper Interaction  
Figure 9.28 through Figure 9.30 show the damper force versus damper 
deformation and damper force versus story drift hysteresis loops for the D100V, D75V, 
and D60V test structures from the RTHS with DBE ground motion record PTS315. As 
illustrated, the story drifts are larger than the damper deformations and the damper force-
story drift hysteresis loops are inclined relative to the damper force-damper deformation 
hysteresis loops. The inclined damper force-story drift hysteresis loops indicate a 
considerable difference between the damper deformation and the story drift due to the 
elastic flexibility of the DBF within the force path from the dampers to the seismic mass 
degrees of freedom (DOF) of the structure, including the connections, braces, beams, and 
columns of the DBF. This elastic flexibility in the damper force path causes the damper 
force to be partially in phase with story drift, i.e., the damper forces are large at the time 
when the story drifts are at their peak values. 
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9.3.4.2 Combination of Axial Force and Bending Moment in DBF Columns  
Figure 9.31, Figure 9.32, and Figure 9.33 show the axial force versus bending 
moment response for the columns in the first story of the D100V, D75V, and D60V 
structures, respectively, from the RTHS with the selected DBE level ground motion 
record PTS315. The P-M strength curve of the MRF columns based on the AISC 360-10 
strength formulae for beam-column members subjected to flexure and axial forces is also 
plotted in the Figures. The nominal axial and flexural strength of the column section was 
used in the formulae. The axial force in the MRF columns are generally in phase with the 
bending moments. Meanwhile, significant hysteresis loops are shown in the axial force-
bending moment response of the DBF columns. The peak axial forces in the DBF 
columns are much larger than the peak axial forces in the MRF columns at times when 
the bending moments are at their peaks, and the axial forces in the DBF columns are 
large at times when the bending moments are small.  
Table 9.27 through Table 9.29 present the axial forces at the times when the 
bending moments are at their peak values in the MRF and DBF columns of the test 
structures from the RTHS with DBE ground motions. For the D100V structure, the mean 
axial force in the MRF columns is 0.47, 0.27, and 0.10 times the mean axial force in the 
DBF columns for the first, second, and third story, respectively; for the D75V structure, 
the mean axial force in the MRF columns is 0.51, 0.32, and 0.12 times the mean axial 
force in the DBF columns for the first, second, and third story, respectively; and for the 
D60V structure, the mean axial force in the MRF columns is 0.53, 0.35, and 0.15 times 
the mean axial force in the DBF columns for the first, second, and third story, 
respectively. The partially in-phase behavior of the damper forces with story drifts causes 
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the column axial force to be large at times of peak bending moment (in addition to the 
frame action of the DBF described in Section 4.6, which presumably is less than the 
frame action of the MRF); and, as a result, the DBF column axial forces are much larger 
than the MRF column axial forces, which must be accounted for in the design of 
structures with nonlinear viscous dampers. 
 
9.3.4.3 Story Shear Force Distribution in Test Structures 
Story Shear Force Distribution in DBF 
Figure 9.34, Figure 9.35, and Figure 9.36 show the story shear force versus story 
drift for each story of the DBF of the D100V, D75V, and D60V structures, respectively, 
during the RTHS with the DBE ground motion record PTS315. The figures also show the 
damper force and column shear force versus the story drift. The forces plotted in the 
figures are normalized by the seismic weight (Ws). The column shear force has a pseudo-
linear relationship with story drift for each story of the DBF, indicating the shear forces 
in the DBF columns are essentially in-phase with the story drifts. The damper forces are 
partially in-phase with the story drifts, i.e., the damper forces are large at the time when 
the story drifts are at their peak values.  
Table 9.30 through Table 9.32 summarize the normalized DBF story shear forces 
at the time of peak story drifts and the distribution between the DBF column shear forces 
and the damper forces at the time of peak story drift. Notably, the damper forces 
contribute significantly to the DBF story shear forces at the time of peak story drift. As 
shown schematically in Figure 9.16, the partially in-phase behavior of the damper force 
with story drift adds in-phase story stiffness to the DBF. The total story stiffness of the 
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DBF, KDBF, includes the stiffness of the DBF column, KDBFcolumn, and the added stiffness, 
Kdamper, due to the in-phase portion of the damper force.  
Table 9.33 summarizes the mean and COV of Kdamper for each story of the DBF in 
the RTHS with DBE ground motions. Kdamper of the D100V structure is larger than that of 
the D75V and D60V structures; and for each test structure, the third story has a larger 
Kdamper than the first and second stories. This result can be explained by the fact that the 
D60V and D75V structures have larger story drifts than the D100V structure and the 
dampers are nonlinear. A larger value of Kdamper indicates the damper force-story drift 
response has more pronounced partially in-phase behavior of damper force with story 
drift, which can be beneficial to reducing the story drift response but may affect the 
efficiency of the dampers in providing damping to the structure.  
Story Shear Distribution in Test Structure 
Figure 9.37, Figure 9.38, and Figure 9.39 show the story shear force distribution 
between the MRF and DBF normalized by the seismic weight (Ws) for the D100V, 
D75V, and D60V structures, respectively, during the RTHS using the DBE ground 
motion record PTS315. The MRF story shear force, DBF story shear force, and the total 
MRF+DBF story shear force are plotted versus the story drifts in the figures. As 
illustrated, the in-phase component of the DBF story shear force and the MRF story shear 
force produce the total MRF+DBF story shear force that is much larger than the MRF 
story shear force. As shown schematically in Figure 9.20, the total story stiffness of the 
test structure, KMRF+DBF, includes the stiffness of the MRF, KMRF, and the added stiffness, 
KDBF, due to the DBF story shear that is in-phase with the story drift. 
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Table 9.34, Table 9.35, and Table 9.36 present the normalized values of the 
MRF+DBF story shear force at the time of peak story drift, and the contributions from 
the MRF and DBF story shear force. For the D100V structure, the damper force accounts 
for 62%, 75%, and 87% of the DBF story shear force (Table 9.30) which contributes 
55%, 61%, and 87% of the MRF+DBF story shear force (Table 9.34) in the first, second, 
and third story, respectively; for the D75V structure, the damper force accounts for 59%, 
71%, and 81% of the DBF story shear force (Table 9.31) which contributes 56%, 58%, 
and 84% of the MRF+DBF story shear force (Table 9.35) in the first, second, and third 
story, respectively; and for the D60V structure, the damper force accounts for 59%, 71%, 
and 81% of the DBF story shear force (Table 9.32) which contributes 56%, 58%, and 
84% of the MRF+DBF story shear force (Table 9.36) in the first, second, and third story, 
respectively. These results show that the contributions of the damper forces to the 
MRF+DBF story shear forces at the times of peak story drifts are significant.  
 
9.3.5 Dynamic Properties of Test Structures in RTHS with DBE Ground Motions 
The mean FRF between the ground motion acceleration input and the total floor 
acceleration response in the RTHS for the ensemble of DBF ground motions was 
calculated as described in Section 9.2.5. The results were used to estimate the natural 
frequency and equivalent damping ratio of the test structures under the DBE ground 
motions.  
Figure 9.40 shows the amplitudes of the mean FRF versus the frequency for each 
floor of each test structure. The first mode natural frequency of each test structure was 
estimated from the peak of the mean FRF for the third floor, and the equivalent damping 
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ratio corresponding to the peak was estimated using the half-power bandwidth method. 
The results are summarized in Table 9.37. The first mode natural frequency is estimated 
as 1.70, 1.45, and 1.24 Hz for the D100V, D75V, and D60V structures, respectively. The 
estimated first mode natural frequency of each test structure from the RTHS is higher 
than the first mode natural frequency of the test structure without dampers as described in 
Chapter 4 (1.2, 1.04, and 0.93 Hz for the D100V, D75V, and D60V structures, 
respectively). The estimated first mode natural frequencies under the DBE are lower than 
the estimated natural frequencies under the FOE (1.86, 1.61, and 1.38 Hz for the D100V, 
D75V, and D60V structures, respectively), which show the frequencies of the test 
structures decrease as the ground motion intensity level and response increases, due to 
nonlinearity.    
The estimated equivalent damping ratio provided by the dampers, ξe, is 29%, 
32%, and 31% for the D100V, D75V, and D60V test structures, respectively. The 
estimated ξe is lower than the design prediction of 41% for the D100V structure (Chapter 
4), while it is similar to the design predictions of 35% and 30% for the D75V and D60V 
structures, respectively, which is consistent with the D100V structure having a higher 
FRF amplitude (i.e., a larger amplification of response) than the D75V and D60V 
structures, as shown in Figure 9.40. The estimated ξe under the DBE are larger than the 
estimated ξe under the FOE (18%, 19%, and 25% for the D100V, D75V, and D60V test 
structures, respectively), which suggests the equivalent damping ratio provided by the 
nonlinear viscous dampers in the test structures increase with the intensity level of 
ground motions and response amplitude. 
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9.4 Seismic Response of Structures in RTHS with MCE Ground Motions 
9.4.1 Story Drift Response 
The story drift response of the test structures in the RTHS under the MCE ground 
motions is summarized in Table 9.38, Table 9.39, and Table 9.40. The residual story drift 
response of each test structure is also summarized in the tables. The second story has a 
larger peak story drift ratio than the first and third stories for all the structures. The 
maximum mean peak story drift ratio is 1.39%, 1.86%, and 2.21% radians for the D100V, 
D75V, and D60V structures, respectively. The COV values for the peak story drift ratios 
are less than 0.2 for all the structures, which suggests a narrow dispersion of the peak 
story drifts under the MCE ground motions. The increase of the maximum mean peak 
story drift ratio from the D100V structure to the D75V and D60V structure under the 
MCE is 34% and 59%, which is larger than the 25% and 40% reduction in base shear 
design strenth from the D100V structure to the D75V and D60V structure, respectively. 
For the D100V structure, the mean residual story drift is 0.07%, 0.09%, 0.07% 
radians with a COV of 0.58, 0.61, and 0.66 for the first, second, and third story, 
respectively; for the D75V structure, the mean residual story drift is 0.15%, 0.19%, and 
0.19% radians with a COV of 0.86, 0.80, and 0.86 for the first, second, and third story 
respectively; and for the D60V structure, the mean residual story drift is 0.20%, 0.20%, 
and 0.20% with a COV of 0.56, 0.83, and 0.72 for the first, second, and third story 
respectively. The large COV values for the residual story drifts for all the structures 
indicate large variation in residual story drifts. This large variation in residual story drifts 
indicates that the residual story drifts of these structures are dependent on both the 
dynamic properties of the structures and the characteristics of the ground motions.   
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Figure 9.41 through Figure 9.43 show the POE for the peak story drift ratio for 
each test structure. In the figures, the data points correspond to the POE directly from the 
RTHS peak story drift ratio results, and the continuous line is a lognormal distribution fit 
to the data points. As illustrated, the lognormal cumulative distribution fits the data, 
which indicates the peak story drift ratio response can be assumed to be lognormally 
distributed. Accordingly, the probability of the peak story drift ratio exceeding the limit 
for a certain performance level can be estimated. The POE for the “Life Safety” 
performance level story drift limit (2.5% rad) for the D75V and D60V structures under 
the MCE is 4% and 14%, respectively, and is much less than 1% for the D100V structure; 
and the POE for the “Collapse Prevention” performance level story drift (5.0% rad) for 
all the structure under the MCE is much less 1%, indicating a very low probability of 
collapse even for the designs with reduced base shear design strength. For example, for 
the D60V structure, the 1% POE value of the peak story drift ratio is 2.9% rad, which is 
much less than the 5.0% rad limit for the “Collapse Prevention” performance level. 
 
9.4.2 Floor Velocity and Floor Acceleration Response 
Table 9.41 through Table 9.43 summarize the peak floor velocities of the test 
structures from the RTHS under the MCE ground motions. The third floor has a larger 
peak floor velocity than the first and second floors for all the structures. The maximum 
mean peak floor velocity is 0.649, 0.715, and 0.726 m/s for the D100V, D75V, and D60V 
structures, respectively. The COV values for the peak floor velocities are less than 0.2 for 
all the structures. The maximum mean peak floor velocity of the D60V structure is 
similar to that of the D75V structure and is 10% larger than that of the D100V structure.  
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Table 9.41 through Table 9.43 also summarize the peak total floor acceleration of 
the test structures from the RTHS under the MCE ground motions. For the D100V 
structure, the mean peak total floor acceleration is 0.512g, 0.580g, and 0.681g with COV 
of 0.12, 0.11, and 0.08 for the first, second, and third floor, respectively; for the D75V 
structure, the mean peak total floor acceleration is 0.504g, 0.523g, and 0.618g with COV 
of 0.15, 0.13, and 0.08 for the first, second, and third floor, respectively; and for the 
D60V structure, the mean peak total floor acceleration is 0.496g, 0.472 g, and 0.515g 
with COV of 0.16, 0.12, and 0.06 for the first, second, and third floor, respectively. The 
three test structures have similar floor accelerations in the first floor. However, the 
accelerations of the second and third floors of the D75V and D60V structures are smaller 
than that of the D100V structure. The reduction of the maximum mean peak floor 
acceleration from the D100V structure to the D75V and D60V structures is 9% and 25%, 
respectively.  
Figure 9.44 through Figure 9.46 show the floor acceleration response spectra for 
the test structures. The median floor acceleration response spectra for the ensemble of 
MCE ground motions and the MCE (2% in 50 years) UHS are also shown in the figures. 
The amplitude of the median floor acceleration response spectra of the D100V structure 
is slightly greater than that of the D75V and D60V structures. For each structure, the 
amplitude of the median floor acceleration response spectra of the third floor is greater 
than that of the first and second floors. The amplitude of the third floor acceleration 
response spectra is approximately 1.5g over a wide period range greater than 0.6 second. 
The peak amplitude of floor acceleration response spectra in the first floor is less than 
1.5g at periods shorter than 0.6 second for the D100V, D75V, and D60V structures. The 
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structures with a reduced base shear design strength have smaller floor acceleration 
response than structures designed with the full base shear design strength.   
 
9.4.3 Response of Analytical Substructure  
Table 9.44, Table 9.45, and Table 9.46 summarize the peak RBS rotations, 
residual RBS rotations, peak MRF column rotations, residual MRF column rotations, 
peak panel zone shear deformations, and residual panel zone shear deformations during 
the RTHS under the MCE ground motions for the D100V, D75V, and D60V structure, 
respectively.  
For the D100V structure, the mean peak RBS rotation is 1.07%, 0.59%, and 
0.31% radians for the first, second, and third floor, respectively; the mean peak column 
rotation is 0.59%, 0.20%, and 0.11% radians for the first, second, and third story, 
respectively; and the mean peak panel zone shear deformation is 0.12%, 0.12%, and 
0.10% radians for the first, second, and third floor, respectively. The mean residual RBS 
rotation is 0.18%, 0.13%, and 0.04% radians for the first, second, and third floor, 
respectively. The mean residual RBS rotations for the first and second floors indicates 
that yielding occurred in the RBS in the first and second floors of the D100V structure 
under the MCE ground motions. The negligible mean residual column rotations and mean 
residual panel zone shear deformations indicate the columns and panel zones of the 
D100V structure were essentially elastic under the MCE ground motions. 
For the D75V structure, the mean peak RBS rotation is 1.57%, 1.14%, and 0.78% 
radians for the first, second, and third floor, respectively; the mean peak column rotation 
is 0.90%, 0.22%, and 0.15% radians for the first, second, and third story, respectively; 
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and the mean peak panel zone shear deformation is 0.129%, 0.133%, and 0.111% radians 
for the first, second, and third floor, respectively. The mean residual RBS rotation is 
0.31%, 0.31%, and 0.27% radians for the first, second, and third floor, respectively; the 
mean residual column rotation is 0.23%, 0.03%, and 0.02% radians for the first, second, 
and third floor, respectively. The mean residual RBS rotations for all floors and mean 
residual column rotation for the first story indicates that yielding occurred in the RBS in 
all floors and in the columns in the first story of the D75V structure under the MCE 
ground motions. The negligible mean residual panel zone shear deformations indicate the 
panel zones of the D75V structure were essentially elastic under the MCE ground 
motions. 
For the D60V structure, the mean peak RBS rotation is 1.99%, 1.48%, and 1.15% 
radians for the first, second, and third floor, respectively; the mean peak column rotation 
is 1.26%, 0.24%, and 0.18% radians for the first, second, and third story, respectively; 
and the mean peak panel zone shear deformation is 0.131%, 0.137%, and 0.118% radians 
for the first, second, and third floor, respectively. The mean residual RBS rotation is 
0.29%, 0.28%, and 0.28% radians for the first, second, and third floor, respectively; the 
mean residual column rotation is 0.33%, 0.03%, and 0.01% radians for the first, second, 
and third floor, respectively. The mean residual RBS rotations for all floors and mean 
residual column rotation for the first story indicates the yielding occurred in the RBS in 
all floors and in the columns in the first story of the D60V structure under the MCE 
ground motions. The negligible mean residual panel zone shear deformations indicate the 
panel zones of the D60V structure were essentially elastic under the MCE ground 
motions. 
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9.4.4 Response of Experimental Substructure 
The response of the experimental substructure (i.e., the DBF with nonlinear 
viscous dampers) and its interaction with the analytical substructure (i.e., the MRF) 
during the RTHS with the MCE ground motions are presented in this section.  
 
9.4.4.1 Brace-Damper Interaction  
Figure 9.47 through Figure 9.49 show the damper force versus damper 
deformation and damper force versus story drift hysteresis loops for the D100V, D75V, 
and D60V test structures from the RTHS with MCE ground motion record H-BRA315. 
As illustrated, the story drifts are larger than the damper deformations and the damper 
force-story drift hysteresis loops are inclined relative to the damper force-damper 
deformation hysteresis loops, which indicate a considerable difference between the 
damper deformation and the story drift due to the elastic flexibility of the DBF within the 
force path. This elastic flexibility in the damper force path causes the damper forces to be 
partially in phase with the story drifts. 
 
9.4.4.2 Combination of Axial Force and Bending Moment in DBF Columns  
Figure 9.50, Figure 9.51, and Figure 9.52 show the axial force versus bending 
moment response for the columns in the first story of the D100V, D75V, and D60V 
structure, respectively, during the RTHS with the MCE ground motion record H-
BRA315. The P-M strength curve of the MRF columns based on the AISC 360-10 
strength formulae for beam-column members subjected to flexure and axial forces is also 
plotted in the Figures. The nominal axial and flexural strength of the column section was 
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used in the formulae. The axial forces in the MRF columns are generally in phase with 
the bending moments and the axial force-bending moment interaction in the DBF 
columns exhibit significant hysteresis. The peak axial forces in the DBF columns are 
much larger than the peak axial forces in the MRF columns at the time when the bending 
moments are at their peaks, and the axial forces in the DBF columns are large at the times 
when the bending moments are small.  
Table 9.47 through Table 9.49 present the axial forces at the times when the 
bending moments are at their peak values in the MRF and DBF columns of the test 
structures from the RTHS with the MCE ground motions. For the D100V structure, the 
mean axial force in the MRF columns is 0.47, 0.31, and 0.14 times the mean axial force 
in the DBF columns for the first, second, and third story, respectively; for the D75V 
structure, the mean axial force in the MRF columns is 0.46, 0.31, and 0.15 times the 
mean axial force in the DBF columns for the first, second, and third story, respectively; 
and for the D60V structure, the mean axial force in the MRF columns is 0.47, 0.33, and 
0.16 times the mean axial force in the DBF columns for the first, second, and third story, 
respectively. The in-phase component of the damper forces contribute significantly to the 
axial force in the DBF columns at the times of peak bending moment, so the axial forces 
in the DBF columns are much larger the peak axial forces in the MRF columns at the 
times of peak bending moments. 
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9.4.4.3 Story Shear Force Distribution in Test Structures 
Story Shear Force Distribution in DBF 
Figure 9.53, Figure 9.54, and Figure 9.55 show the story shear force versus story 
drift for each story of the DBF of the D100V, D75V, and D60V structure, respectively, 
during the RTHS with the MCE ground motion record H-BRA315. The figures also show 
the damper force and column shear force versus the story drift. The forces plotted in the 
figures are normalized by the seismic weight (Ws). The column shear forces are in-phase 
with the story drifts, while the damper forces are partially in-phase with the story drifts, 
i.e., the damper forces are large at the time when the story drifts are at their peak values.  
Table 9.50 through Table 9.52 summarize the normalized DBF story shear forces 
at the time of peak story drifts and the distribution between the DBF column shear forces 
and the damper forces at the time of peak story drift. Notably, the damper forces 
contribute significantly to the DBF story shear forces at the time of peak story drift. As 
shown schematically in Figure 9.16, the partially in-phase behavior of the damper force 
with story drift adds in-phase story stiffness to the DBF. The total story stiffness of the 
DBF, KDBF, includes the stiffness of the DBF column, KDBFcolumn, and the added stiffness, 
Kdamper, due to the in-phase portion of the damper force.  
Table 9.53 presents the mean and COV value of Kdamper for each story of the DBF 
in the RTHS with MCE ground motions. The D100V structure has a larger Kdamper than 
the D75V and D60V structures; and for each test structure, the third story has a larger 
Kdamper than the first and second stories. A larger Kdamper suggests more pronounced in-
phase behavior of the damper force with story drift. Also, the Kdamper for each test 
structure from the RTHS with the MCE ground motions is smaller than that from the 
 357
RTHS with the FOE and DBE ground motions, which suggests that the in-phase behavior 
of the damper force with story drift is more pronounced under lower levels of ground 
motion intensity. 
 
Story Shear Distribution in Test Structure 
Figure 9.56, Figure 9.57, and Figure 9.58 show the story shear force distribution 
between the MRF and DBF normalized by the seismic weight (Ws) for the D100V, 
D75V, and D60V structure, respectively, during the RTHS using the MCE ground 
motion record H-BRA315. The MRF story shear force, the DBF story shear force, and 
the total MRF+DBF story shear force are plotted versus the story drifts in the figures. As 
illustrated, the in-phase component of the DBF story shear force and the MRF story shear 
force produce the total MRF+DBF story shear force that is much larger than the MRF 
story shear force.  
Table 9.54, Table 9.55, and Table 9.56 present the normalized values of the 
MRF+DBF story shear force at the time of peak story drift, and the contributions from 
the MRF and DBF story shear force. For the D100V structure, damper force accounts for 
53%, 69%, and 85% of the DBF story shear force (Table 9.50) which contributes 56%, 
60%, and 82% of the MRF+DBF story shear force (Table 9.54) in the first, second, and 
third story, respectively; for the D75V structure, damper force accounts for 49%, 65%, 
and 75% of the DBF story shear force (Table 9.51) which contributes 58%, 59%, and 
80% of the MRF+DBF story shear force (Table 9.55) in the first, second, and third story, 
respectively; and for the D60V structure, damper force accounts for 46%, 63%, and 69% 
of the DBF story shear force (Table 9.52) which contributes 58%, 58%, and 77% of the 
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MRF+DBF story shear force (Table 9.56) in the first, second, and third story, 
respectively. These results show that contributions of the damper forces to MRF+DBF 
story shear forces at the times of peak story drifts are significant.  
 
9.4.5 Dynamic Properties of Test Structures in RTHS with MCE Ground Motions 
The mean FRF between the ground motion acceleration input and the total floor 
acceleration response in the RTHS for the ensemble of MCE ground motions was 
calculated as described in Section 9.2.5. The results were used to estimate the natural 
frequency and equivalent damping ratio of the test structures under the MCE ground 
motions.  
Figure 9.59 shows the amplitudes of the mean FRF versus the frequency for each 
floor of each test structure. The estimated first mode natural frequency and equivalent 
damping ratio of each test structure based on the mean FRF for the third floor are 
summarized in Table 9.57. The first mode natural frequency is estimated as 1.63, 1.35, 
and 1.19 Hz for the D100V, D75V, and D60V structures, respectively. The estimated first 
mode natural frequency of each test structure is higher than the first mode natural 
frequency of the test structure without dampers as described in Chapter 4 (1.2, 1.04, and 
0.93 Hz for the D100V, D75V, and D60V structures, respectively). The estimated first 
mode natural frequencies under the MCE are lower than the estimated natural frequencies 
under the FOE (1.86, 1.61, and 1.38 Hz for the D100V, D75V, and D60V structures, 
respectively) and the DBE (1.70, 1.45, and 1.24 Hz for the D100V, D75V, and D60V 
structures, respectively), which shows the dynamic frequencies of the test structures 
decreases as the intensity level of the ground motion and response increase.  
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The estimated equivalent damping ratio provided by the dampers, ξe, is 37%, 
31%, and 31% for the D100V, D75V, and D60V test structures, respectively. The 
estimated ξe values are higher than the design predictions of 32%, 26%, and 23% for the 
D100V, D75V, and D60V structures, respectively (as described in Chapter 4). One 
reason the estimated ξe values from the RTHS under the MCE ground motions are greater 
than the design predictions is the additional energy dissipated by inelastic response of the 
MRF (and DBF), which was not included in the predicted ξe but is included in the value 
of ξe estimated from the FRF. Another reason is that the story drift responses of the test 
structures in the RTHS are smaller than the design predictions due to the stiffening effect 
from the in-phase behavior of the damper forces with respect to story drifts, and the 
smaller drifts result in a larger ξe  due to the damper nonlinearity. The estimated ξe under 
the MCE are similar to the estimated ξe under the DBE (29%, 32%, and 31% for the 
D100V, D75V, and D60V test structures, respectively), and are greater than the estimated 
ξe under the FOE (18%, 19%, and 25% for the D100V, D75V, and D60V test structures, 
respectively), which suggests the equivalent damping ratio provided by the nonlinear 
viscous dampers in the test structures varies with the intensity of the seismic response. 
 
9.5 Summary 
This chapter presented the experimental response of the test structures in the 
RTHS with FOE, DBE, and MCE level ground motions.  
For the test structures in the RTHS with FOE level ground motions, the maximum 
mean peak story drift ratio was less than 0.5%, and therefore, the test structures were 
essentially elastic under the FOE level ground motions. For the DBE level ground 
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motions, the maximum mean peak story drift ratio is 0.76%, 0.98%, and 1.17% radians 
for the second story of the D100V, D75V, and D60V structures, respectively. Yielding 
occurred in the RBS of the first floor of the D75V structure, and occurred in the RBS of 
all floors and MRF columns in the first story of the D60V structure. For the MCE level 
ground motions, maximum mean peak story drift ratio is 1.39%, 1.86%, and 2.21% 
radians for the second story of the D100V, D75V, and D60V structures, respectively. 
Yielding occurred in RBS of the first floor of the D100V structure, and then in RBS of all 
floors and the MRF columns in the first story of the D75V and D60V structures.  
The probability of the peak story drift ratio exceeding the limit for a certain 
performance level was estimated based on the observed lognormal cumulative 
distribution of the peak story drifts of the test structures in the RTHS. The probability of 
exceedance (POE) for the “Immediate Occupancy” performance level story drift limit 
(0.7% radians) for the D100V, D75V, and D60V structures under the FOE are less than 
1%. The POE for the “Immediate Occupancy” performance level story drift limit (0.7% 
rad) for the D100V, D75V, and D60V structures under the DBE is 68%, 97%, and 99%, 
respectively; however, the POE for the “Life Safety” performance level story drift limit 
(2.5% rad) for all three structures under the DBE is less than 1%. The POE for the “Life 
Safety” performance level story drift limit (2.5% rad) for the D75V and D60V structures 
under the MCE is 4% and 14%, respectively; and the POE for the “Collapse Prevention” 
performance level story drift (5.0% rad) for all three structures under the MCE is much 
less 1%, indicating a very low probability of collapse even for the structure with reduced 
base shear design strength.  
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The changes in floor velocity and floor acceleration demands were not 
proportional to the increase in story drift demands from the D100V structure to the D75V 
and D60V structures in the RTHS. The increase in floor velocity demand from the 
D100V structure to the D60V structure is smaller than the increase in story drift 
demands. The reduction in floor acceleration demand from the D100V structure to the 
D60V structure is significant and suggests that structures with reduced base shear design 
strength and nonlinear viscous dampers will have lower floor acceleration demands.   
The effects of elastic flexibility in the damper force path in a frame building 
(including the connections, braces, beams, and columns of the DBF) that was designed 
and constructed under practical conditions were observed in the RTHS results with FOE, 
DBE, and MCE level ground motions. This elastic flexibility causes the viscous damper 
forces to be partially in phase with the story drifts (i.e., at the time when the story drifts 
are at their peak values, the damper forces are large). The partially in-phase behavior of 
the damper force with the story drift is more pronounced for the test structures in the 
RTHS with FOE ground motions than in the RTHS with DBE and MCE ground motions, 
and is more pronounced for the D100V structure than for the D75V and D60V structures 
in the RTHS with the same level ground motions. This partially in-phase behavior of the 
damper force with the story drift results in a combined axial force and bending moment 
condition in the DBF columns with large axial forces at the time of peak bending 
moments. Such combinations of axial forces and bending moments must be taken into 
account in the design of the columns of structures with nonlinear viscous dampers. This 
in-phase behavior also results in significant contributions of the damper forces to the total 
story shears of the test structures at the time of peak story drifts, and as a result, this in-
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phase behavior stiffened the test structures and helped to reduce the story drift response. 
This stiffening of test structure due to the in-phase behavior of the damper forces with 
story drifts results in first mode natural frequencies for the test structures (estimated from 
the test data) that are higher than the design predictions.  
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Table 9.1 Peak story drift ratios of test structures in RTHS with FOE ground motions 
EQ. 
ID. 
Ground motion 
records 
D100V structure   
(% rad) 
  
D75V structure 
 (% rad) 
 
D60V structure  
(% rad) 
  
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A_235 0.30 0.33 0.25 0.38 0.45 0.33 0.45 0.52 0.40 
2 ABY090 0.24 0.25 0.20 0.34 0.34 0.24 0.38 0.39 0.27 
3 B_ICC000 0.0 0.41 0.26 0.49 0.56 0.36 0.56 0.60 0.37 
4 B_WSM090 0.27 0.27 0.24 0.36 0.37 0.32 0.45 0.46 0.39 
5 BRS000 0.36 0.35 0.24 0.50 0.54 0.35 0.58 0.65 0.48 
6 CHY046_N 0.29 0.32 0.21 0.38 0.36 0.23 0.52 0.53 0.36 
7 CWC270 0.28 0.28 0.18 0.31 0.31 0.27 0.40 0.41 0.26 
8 H_DLT262 0.34 0.38 0.24 0.32 0.40 0.27 0.36 0.39 0.32 
9 H_DLT352 0.26 0.31 0.20 0.33 0.36 0.27 0.43 0.43 0.31 
10 H_E03140 0.30 0.34 0.25 0.35 0.42 0.29 0.41 0.49 0.34 
11 HECTOR_2108136
0 
0.34 0.32 0.20 0.47 0.49 0.31 0.45 0.50 0.33 
12 PTS315 0.42 0.43 0.24 0.52 0.58 0.35 0.57 0.64 0.42 
Mean 0.31 0.33 0.22 0.40 0.43 0.31 0.45 0.49 0.35 
COV 0.19 0.18 0.13 0.18 0.20 0.21 0.18 0.19 0.17 


Table 9.2 Peak floor velocities of test structures in RTHS with FOE ground motions 
EQ. 
ID. 
Ground motion 
records 
D100V structure  
(m/s) 
 
D75V structure  
(m/s) 
 
D60V structure  
(m/s) 
 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 A_235 0.088 0.164 0.197 0.100 0.198 0.245 0.113 0.217 0.281 
2 ABY090 0.089 0.146 0.189 0.075 0.145 0.180 0.073 0.147 0.187 
3 B_ICC000 0.126 0.243 0.304 0.139 0.258 0.327 0.135 0.245 0.301 
4 B_WSM090 0.069 0.144 0.220 0.082 0.148 0.183 0.098 0.158 0.236 
5 BRS000 0.090 0.172 0.239 0.097 0.174 0.242 0.117 0.219 0.262 
6 CHY046_N 0.088 0.154 0.219 0.092 0.170 0.239 0.087 0.176 0.273 
7 CWC270 0.080 0.174 0.221 0.083 0.147 0.213 0.087 0.137 0.181 
8 H_DLT262 0.101 0.179 0.247 0.089 0.191 0.265 0.088 0.177 0.261 
9 H_DLT352 0.082 0.171 0.239 0.094 0.174 0.238 0.101 0.188 0.251 
10 H_E03140 0.086 0.150 0.187 0.078 0.144 0.203 0.094 0.169 0.215 
11 HECTOR_2108136
0 
0.090 0.150 0.210 0.087 0.169 0.231 0.095 0.176 0.236 
12 PTS315 0.081 0.157 0.216 0.102 0.195 0.266 0.109 0.207 0.275 
Mean 0.088 0.164 0.219 0.092 0.174 0.233 0.099 0.182 0.243 
COV 0.17 0.17 0.16 0.18 0.18 0.17 0.16 0.18 0.16 
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Table 9.3 Peak total floor accelerations of test structures in RTHS with FOE ground 
motions 
EQ. 
ID. 
Ground motion 
records 
 D100V structure  
(g) 
 
D75V structure  
(g) 
 
D60V structure  
(g) 
 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 A_235 0.245 0.281 0.351 0.225 0.242 0.318 0.210 0.207 0.293 
2 ABY090 0.189 0.221 0.313 0.183 0.208 0.254 0.179 0.173 0.240 
3 B_ICC000 0.264 0.264 0.405 0.205 0.238 0.318 0.166 0.217 0.270 
4 B_WSM090 0.200 0.227 0.305 0.172 0.208 0.340 0.204 0.202 0.301 
5 BRS000 0.244 0.267 0.336 0.207 0.255 0.285 0.210 0.235 0.282 
6 CHY046_N 0.172 0.207 0.345 0.183 0.195 0.290 0.210 0.209 0.262 
7 CWC270 0.165 0.250 0.328 0.184 0.241 0.249 0.157 0.237 0.223 
8 H_DLT262 0.165 0.208 0.311 0.178 0.176 0.257 0.169 0.164 0.244 
9 H_DLT352 0.173 0.184 0.320 0.156 0.183 0.281 0.142 0.158 0.240 
10 H_E03140 0.206 0.217 0.313 0.209 0.174 0.283 0.181 0.169 0.246 
11 HECTOR_2108136
0 
0.191 0.230 0.319 0.170 0.194 0.273 0.143 0.177 0.249 
12 PTS315 0.180 0.240 0.303 0.169 0.225 0.287 0.156 0.206 0.240 
Mean 0.198 0.230 0.324 0.185 0.207 0.281 0.178 0.195 0.259 
COV 0.17 0.13 0.10 0.11 0.15 0.11 0.14 0.13 0.09 



Table 9.4 Peak RBS rotations of test structures in RTHS with FOE ground motions 
EQ. 
ID. 
Ground motion 
records 
D100V structure 
 (% rad)  
D75V structure 
 (% rad) 
D60V structure 
 (% rad) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 A_235 0.11 0.10 0.07 0.15 0.13 0.09 0.17 0.15 0.11 
2 ABY090 0.09 0.07 0.06 0.12 0.09 0.07 0.14 0.11 0.08 
3 B_ICC000 0.15 0.11 0.07 0.19 0.15 0.09 0.21 0.16 0.10 
4 B_WSM090 0.10 0.08 0.07 0.13 0.11 0.09 0.17 0.14 0.11 
5 BRS000 0.13 0.10 0.07 0.19 0.15 0.09 0.22 0.19 0.13 
6 CHY046_N 0.11 0.08 0.06 0.14 0.09 0.07 0.19 0.14 0.10 
7 CWC270 0.10 0.07 0.05 0.12 0.10 0.08 0.15 0.11 0.07 
8 H_DLT262 0.13 0.11 0.06 0.13 0.11 0.07 0.14 0.12 0.09 
9 H_DLT352 0.10 0.09 0.05 0.12 0.11 0.07 0.15 0.12 0.09 
10 H_E03140 0.11 0.10 0.07 0.14 0.12 0.08 0.16 0.14 0.09 
11 HECTOR_2108136
0 
0.12 0.08 0.05 0.17 0.13 0.09 0.17 0.14 0.09 
12 PTS315 0.16 0.11 0.06 0.20 0.16 0.09 0.22 0.18 0.11 
Mean 0.12 0.09 0.06 0.15 0.12 0.09 0.17 0.14 0.10 
COV 0.18 0.17 0.13 0.19 0.19 0.26 0.19 0.18 0.16 
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Table 9.5 Peak MRF column rotations of test structures in RTHS with FOE ground 
motions 
EQ. 
ID. 
Ground motion 
records 
D100V structure  
(% rad)  
D75V structure  
(% rad) 
D60V structure  
(% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A_235 0.15 0.08 0.03 0.18 0.11 0.03 0.22 0.12 0.03 
2 ABY090 0.12 0.06 0.04 0.17 0.08 0.04 0.19 0.09 0.05 
3 B_ICC000 0.19 0.09 0.02 0.24 0.13 0.03 0.28 0.14 0.04 
4 B_WSM090 0.13 0.06 0.03 0.18 0.09 0.04 0.22 0.12 0.06 
5 BRS000 0.18 0.08 0.02 0.24 0.12 0.04 0.28 0.15 0.05 
6 CHY046_N 0.14 0.07 0.03 0.19 0.09 0.03 0.26 0.13 0.05 
7 CWC270 0.14 0.06 0.03 0.15 0.09 0.04 0.19 0.09 0.05 
8 H_DLT262 0.17 0.09 0.02 0.16 0.10 0.03 0.17 0.10 0.03 
9 H_DLT352 0.13 0.08 0.03 0.16 0.10 0.03 0.21 0.10 0.03 
10 H_E03140 0.14 0.08 0.04 0.17 0.10 0.04 0.20 0.12 0.04 
11 HECTOR_21081360 0.17 0.08 0.03 0.23 0.12 0.04 0.22 0.12 0.04 
12 PTS315 0.20 0.10 0.03 0.25 0.13 0.03 0.28 0.15 0.04 
Mean 0.15 0.08 0.03 0.19 0.10 0.04 0.22 0.12 0.04 
COV 0.19 0.16 0.18 0.18 0.17 0.57 0.18 0.18 0.19 



Table 9.6 Peak panel zone shear deformations of test structures in RTHS with FOE 
ground motions 
EQ. 
ID. 
Ground motion 
records 
D100V structure  
(% rad) 
D75V structure  
(% rad) 
D60V structure  
(% rad) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 A_235 0.05 0.04 0.02 0.07 0.05 0.03 0.08 0.06 0.04 
2 ABY090 0.04 0.03 0.02 0.05 0.04 0.02 0.06 0.04 0.03 
3 B_ICC000 0.06 0.04 0.02 0.08 0.06 0.03 0.09 0.06 0.03 
4 B_WSM090 0.04 0.03 0.02 0.06 0.04 0.03 0.07 0.06 0.04 
5 BRS000 0.06 0.04 0.02 0.08 0.06 0.03 0.10 0.07 0.04 
6 CHY046_N 0.05 0.03 0.02 0.06 0.04 0.02 0.08 0.06 0.03 
7 CWC270 0.05 0.03 0.02 0.05 0.04 0.03 0.07 0.04 0.02 
8 H_DLT262 0.06 0.04 0.02 0.06 0.04 0.03 0.06 0.05 0.03 
9 H_DLT352 0.04 0.03 0.02 0.05 0.04 0.03 0.07 0.05 0.03 
10 H_E03140 0.05 0.04 0.02 0.06 0.05 0.03 0.07 0.06 0.03 
11 HECTOR_2108136
0 
0.05 0.03 0.02 0.08 0.05 0.03 0.07 0.06 0.03 
12 PTS315 0.07 0.05 0.02 0.09 0.06 0.03 0.10 0.07 0.04 
Mean 0.05 0.04 0.02 0.07 0.05 0.03 0.07 0.06 0.03 
COV 0.18 0.18 0.13 0.19 0.19 0.23 0.19 0.18 0.17 
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Table 9.7 Axial forces in MRF and DBF columns at times of peak bending moments of 
D100V structure in RTHS with FOE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF column axial force 
(kN) 
DBF column axial force 
(kN) 
MRF column axial force / 
DBF column axial force 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A_235 120.8 45.9 7.6 402.7 270.0 95.1 0.30 0.17 0.08 
2 ABY090 86.2 32.8 6.9 290.8 189.7 88.6 0.36 0.19 0.07 
3 B_ICC000 145.6 50.1 8.0 402.2 267.1 122.4 0.36 0.22 0.09 
4 B_WSM090 97.2 38.8 7.8 271.7 179.1 87.8 0.37 0.20 0.07 
5 BRS000 125.0 44.8 7.2 333.5 226.5 98.5 0.36 0.18 0.06 
6 CHY046_N 112.8 37.8 6.3 313.6 213.8 98.7 0.34 0.17 0.06 
7 CWC270 96.7 32.7 5.6 286.1 194.4 88.4 0.34 0.20 0.07 
8 H_DLT262 133.7 47.8 6.8 392.0 241.3 97.6 0.31 0.18 0.06 
9 H_DLT352 107.5 39.5 5.8 342.9 219.9 93.7 0.40 0.23 0.08 
10 H_E03140 120.8 46.0 7.3 302.8 200.3 93.8 0.35 0.18 0.06 
11 HECTOR_2108136
0 
118.6 38.5 6.0 338.9 212.4 94.0 0.40 0.22 0.07 
12 PTS315 154.9 51.3 6.7 382.6 235.6 97.7 0.31 0.19 0.08 
Mean 115.7 41.4 6.7 327.3 212.4 94.4 0.35 0.19 0.07 
COV 0.19 0.16 0.13 0.14 0.13 0.12 0.09 0.10 0.11 



Table 9.8 Axial forces in MRF and DBF columns at times of peak bending moments of 
D75V structure in RTHS with FOE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF column axial force 
(kN) 
DBF column axial force 
(kN) 
MRF column axial force / 
DBF column axial force 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A_235 160.4 61.3 10.1 411.9 270.4 129.6 0.39 0.23 0.08 
2 ABY090 121.9 43.0 7.5 290.4 204.7 94.7 0.42 0.21 0.08 
3 B_ICC000 196.6 70.4 10.4 431.0 276.3 127.7 0.46 0.25 0.08 
4 B_WSM090 135.1 51.9 10.5 340.9 225.9 114.8 0.40 0.23 0.09 
5 BRS000 189.7 67.5 10.4 430.4 260.0 119.9 0.44 0.26 0.09 
6 CHY046_N 131.7 42.7 7.2 380.8 240.7 106.8 0.35 0.18 0.07 
7 CWC270 112.5 46.1 8.5 304.7 196.8 90.1 0.37 0.23 0.09 
8 H_DLT262 122.9 49.3 8.0 381.5 251.6 115.0 0.32 0.20 0.07 
9 H_DLT352 146.9 55.6 8.8 375.3 248.1 116.3 0.39 0.22 0.08 
10 H_E03140 172.6 60.2 9.4 387.6 233.6 104.1 0.45 0.26 0.09 
11 HECTOR_2108136
0 
203.9 70.7 9.7 477.4 287.3 126.8 0.43 0.25 0.08 
12 PTS315 86.9 35.3 6.6 262.0 178.8 85.9 0.33 0.20 0.08 
Mean 147.3 54.2 8.9 376.1 241.0 111.1 0.39 0.22 0.08 
COV 0.24 0.21 0.15 0.16 0.13 0.13 0.12 0.12 0.11 


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Table 9.9 Axial forces in MRF and DBF columns at time of peak bending moments of 
D60V structure in RTHS with FOE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF column axial force 
(kN) 
DBF column axial force 
(kN) 
MRF column axial force / 
DBF column axial force 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A_235 188.3 72.4 12.1 467.2 309.0 148.9 0.40 0.23 0.08 
2 ABY090 141.6 49.4 8.6 337.2 211.6 99.8 0.42 0.23 0.09 
3 B_ICC000 215.3 74.3 10.6 508.6 322.7 148.4 0.42 0.23 0.07 
4 B_WSM090 164.2 67.8 12.3 388.5 280.8 139.3 0.42 0.24 0.09 
5 BRS000 231.6 88.0 14.7 501.9 319.3 149.4 0.46 0.28 0.10 
6 CHY046_N 183.5 66.8 11.6 429.5 273.1 118.9 0.43 0.24 0.10 
7 CWC270 147.2 49.1 8.1 312.4 206.4 96.2 0.47 0.24 0.08 
8 H_DLT262 157.6 57.2 9.5 375.1 255.1 121.0 0.42 0.22 0.08 
9 H_DLT352 169.2 65.5 10.2 414.4 276.4 132.7 0.41 0.24 0.08 
10 H_E03140 175.4 64.0 9.7 400.0 248.0 115.0 0.44 0.26 0.08 
11 HECTOR_2108136
0 
226.2 81.2 12.6 470.8 304.6 135.9 0.48 0.27 0.09 
12 PTS315 133.4 56.3 10.2 361.2 265.3 130.7 0.37 0.21 0.08 
Mean 174.6 65.2 10.8 411.0 271.4 127.1 0.42 0.24 0.09 
COV 0.19 0.18 0.17 0.15 0.14 0.14 0.08 0.08 0.09 



Table 9.10 DBF story shear forces at times of peak story drifts of D100V structure in 
RTHS with FOE ground motions 
EQ. 
ID. 
Ground motion 
records 
DBF story shear force 
(Normalized by  
Ws=2702 kN) 
DBF column shear force 
contribution 
Damper force 
contribution 
1st story 2nd story 3rd story 1st story 2ndstory 3rd story 1st story 2nd story 3rd story 
1 A_235 0.130 0.118 0.095 28.3% 17.7% 10.1% 71.7% 82.3% 89.9% 
2 ABY090 0.098 0.096 0.082 30.3% 15.7% 13.7% 69.7% 84.3% 86.3% 
3 B_ICC000 0.155 0.145 0.109 31.6% 16.9% 9.1% 68.4% 83.1% 90.9% 
4 B_WSM090 0.135 0.121 0.089 32.2% 20.8% 10.0% 67.8% 79.2% 90.0% 
5 BRS000 0.107 0.091 0.078 30.4% 18.5% 14.0% 69.6% 81.5% 86.0% 
6 CHY046_N 0.110 0.103 0.089 30.7% 16.8% 11.9% 69.3% 83.2% 88.1% 
7 CWC270 0.099 0.093 0.081 32.5% 17.4% 12.6% 67.5% 82.6% 87.4% 
8 H_DLT262 0.133 0.129 0.087 30.9% 19.5% 10.7% 69.1% 80.5% 89.3% 
9 H_DLT352 0.117 0.115 0.083 28.0% 19.4% 10.1% 72.0% 80.6% 89.9% 
10 H_E03140 0.108 0.098 0.085 32.7% 19.5% 13.8% 67.3% 80.5% 86.2% 
11 HECTOR_21081360 0.121 0.114 0.084 32.6% 18.3% 11.9% 67.4% 81.7% 88.1% 
12 PTS315 0.139 0.123 0.085 34.8% 19.3% 8.5% 65.2% 80.7% 91.5% 
Mean 0.121 0.112 0.087 31.3% 18.3% 11.4% 68.7% 81.7% 88.6% 
COV 0.15 0.15 0.09 0.06 0.08 0.17 0.03 0.02 0.02 


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Table 9.11 DBF story shear forces at times of peak story drifts of D75V structure in 
RTHS with FOE ground motions 
EQ. 
ID. 
Ground motion 
records 
DBF story shear force 
(Normalized by  
Ws=3603 kN) 
DBF column shear force 
contribution 
Damper force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A_235 0.111 0.105 0.086 30.8% 20.4% 8.8% 69.2% 79.6% 91.2% 
2 ABY090 0.089 0.075 0.065 34.4% 21.0% 14.4% 65.6% 79.0% 85.6% 
3 B_ICC000 0.130 0.117 0.085 35.9% 22.3% 10.3% 64.1% 77.7% 89.7% 
4 B_WSM090 0.126 0.106 0.080 36.6% 25.5% 11.8% 63.4% 74.5% 88.2% 
5 BRS000 0.094 0.083 0.078 32.5% 21.7% 14.7% 67.5% 78.3% 85.3% 
6 CHY046_N 0.100 0.092 0.074 34.1% 18.5% 12.3% 65.9% 81.5% 87.7% 
7 CWC270 0.091 0.072 0.065 31.6% 20.8% 15.2% 68.4% 79.2% 84.8% 
8 H_DLT262 0.103 0.104 0.075 27.9% 21.1% 10.0% 72.1% 78.9% 90.0% 
9 H_DLT352 0.099 0.096 0.076 30.1% 20.3% 9.9% 69.9% 79.7% 90.1% 
10 H_E03140 0.097 0.091 0.079 33.1% 21.3% 11.3% 66.9% 78.8% 88.7% 
11 HECTOR_21081360 0.112 0.099 0.070 37.4% 22.6% 11.3% 62.6% 77.4% 88.7% 
12 PTS315 0.124 0.111 0.083 36.1% 23.0% 8.7% 63.9% 77.0% 91.3% 
Mean 0.106 0.096 0.076 33.4% 21.5% 11.5% 66.6% 78.5% 88.5% 
COV 0.13 0.15 0.09 0.09 0.08 0.19 0.04 0.02 0.03 



Table 9.12 DBF story shear forces at times of peak story drifts of D60V structure in 
RTHS with FOE ground motions 
EQ. 
ID. 
Ground motion 
records 
DBF story shear force 
(Normalized by  
Ws=4504 kN) 
DBF column shear force 
contribution 
Damper force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A_235 0.099 0.096 0.079 30.6% 20.9% 9.5% 69.4% 79.1% 90.5% 
2 ABY090 0.080 0.069 0.054 34.6% 20.7% 14.4% 65.4% 79.3% 85.6% 
3 B_ICC000 0.116 0.101 0.082 34.7% 24.7% 10.0% 65.3% 75.3% 90.0% 
4 B_WSM090 0.088 0.077 0.075 37.7% 22.9% 14.5% 62.3% 77.1% 85.5% 
5 BRS000 0.115 0.102 0.080 35.8% 24.7% 11.9% 64.2% 75.3% 88.1% 
6 CHY046_N 0.098 0.086 0.069 38.4% 21.9% 13.7% 61.6% 78.1% 86.3% 
7 CWC270 0.076 0.063 0.053 35.9% 21.0% 13.7% 64.1% 79.0% 86.3% 
8 H_DLT262 0.077 0.077 0.064 31.8% 19.2% 13.2% 68.2% 80.8% 86.8% 
9 H_DLT352 0.088 0.078 0.065 34.2% 19.7% 9.2% 65.8% 80.3% 90.8% 
10 H_E03140 0.090 0.081 0.072 34.0% 22.7% 11.6% 66.0% 77.3% 88.4% 
11 HECTOR_21081360 0.091 0.081 0.061 35.6% 23.5% 12.2% 64.4% 76.5% 87.8% 
12 PTS315 0.107 0.093 0.076 37.3% 24.3% 13.3% 62.7% 75.7% 86.7% 
Mean 0.094 0.084 0.069 35.0% 22.2% 12.3% 65.0% 77.8% 87.7% 
COV 0.14 0.15 0.14 0.07 0.09 0.15 0.04 0.02 0.02 


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Table 9.13 Mean stiffness of damper force-story drift hysteresis loops in RTHS with FOE 
ground motions 
Story 
level 
D100V structure 
Kdamper  
(×103 kN/m)  
D75V structure 
 Kdamper  
((×103 kN/m) 
D60V structure 
 Kdamper  
((×103 kN/m) 
D75V / 
D100V 
D60V / 
D100V 
Mean COV Mean COV Mean COV 
1 22.7 0.11 19.6 0.18 16.5 0.17 0.87 0.73 
2 22.5 0.10 18.8 0.14 15.8 0.19 0.84 0.70 
3 34.4 0.17 30.9 0.11 27.1 0.16 0.89 0.79 



Table 9.14 MRF+DBF story shear forces and contributions from MRF and DBF of 
D100V structure in RTHS with FOE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF+DBF story shear 
force (normalized by 
Ws=2702 kN) 
MRF story shear force 
contribution 
DBF story shear force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A_235 0.207 0.172 0.108 37.3% 31.1% 11.6% 62.7% 68.9% 88.4% 
2 ABY090 0.162 0.140 0.097 39.4% 31.5% 14.7% 60.6% 68.5% 85.2% 
3 B_ICC000 0.259 0.212 0.120 40.1% 31.7% 8.5% 59.9% 68.3% 91.5% 
4 B_WSM090 0.234 0.175 0.098 42.1% 30.6% 9.2% 57.9% 69.4% 90.8% 
5 BRS000 0.181 0.137 0.091 40.8% 33.6% 14.4% 59.2% 66.4% 85.6% 
6 CHY046_N 0.185 0.157 0.099 40.3% 34.1% 9.9% 59.7% 65.9% 90.2% 
7 CWC270 0.172 0.143 0.092 42.4% 35.3% 12.1% 57.6% 64.6% 87.9% 
8 H_DLT262 0.220 0.193 0.096 39.6% 33.2% 9.7% 60.4% 66.8% 90.3% 
9 H_DLT352 0.184 0.170 0.093 36.7% 32.4% 11.2% 63.3% 67.6% 88.8% 
10 H_E03140 0.183 0.153 0.101 40.9% 36.1% 15.8% 59.1% 63.9% 84.2% 
11 HECTOR_2108136
0 
0.212 0.167 0.097 43.0% 32.2% 12.9% 57.0% 67.8% 87.1% 
12 PTS315 0.246 0.194 0.095 43.6% 36.4% 10.4% 56.4% 63.6% 89.6% 
Mean 0.204 0.168 0.099 40.5% 33.2% 11.7% 59.5% 66.8% 88.3% 
COV 0.15 0.14 0.08 0.05 0.06 0.20 0.04 0.03 0.03 













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Table 9.15 MRF+DBF story shear forces and contributions from MRF and DBF of D75V 
structure in RTHS with FOE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF+DBF story shear 
force (normalized by 
Ws=3603 kN) 
MRF story shear force 
contribution 
DBF story shear force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 A_235 0.182 0.160 0.095 38.8% 34.4% 9.9% 61.2% 65.5% 90.1% 
2 ABY090 0.158 0.117 0.078 43.2% 36.1% 17.2% 56.8% 63.9% 82.8% 
3 B_ICC000 0.222 0.189 0.092 41.7% 38.2% 8.4% 58.3% 61.8% 91.6% 
4 B_WSM090 0.223 0.174 0.091 43.3% 38.8% 11.9% 56.7% 61.2% 88.1% 
5 BRS000 0.165 0.129 0.092 43.0% 36.2% 14.9% 57.0% 63.8% 85.1% 
6 CHY046_N 0.176 0.141 0.083 43.2% 35.1% 11.5% 56.8% 64.9% 88.5% 
7 CWC270 0.154 0.113 0.077 41.0% 36.7% 15.6% 58.9% 63.3% 84.4% 
8 H_DLT262 0.165 0.159 0.084 37.6% 34.8% 10.6% 62.4% 65.3% 89.4% 
9 H_DLT352 0.165 0.144 0.085 40.0% 33.7% 9.6% 60.0% 66.3% 90.4% 
10 H_E03140 0.160 0.147 0.092 39.7% 37.9% 14.2% 60.2% 62.1% 85.8% 
11 HECTOR_2108136
0 
0.204 0.162 0.082 45.3% 39.2% 13.8% 54.7% 60.8% 86.2% 
12 PTS315 0.222 0.184 0.092 44.3% 39.7% 9.1% 55.7% 60.3% 90.9% 
Mean 0.183 0.152 0.087 41.8% 36.7% 12.2% 58.2% 63.3% 87.8% 
COV 0.15 0.16 0.07 0.06 0.05 0.23 0.04 0.03 0.03 



Table 9.16 MRF+DBF story shear forces and contributions from MRF and DBF of D60V 
structure in RTHS with FOE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF+DBF story shear 
force (normalized by 
Ws=4504 kN) 
MRF story shear force 
contribution 
DBF story shear force 
contribution 
1st story 2nd story 3rd story 1st story 2nd 
story 
3rd story 1st story 2nd 
story 
3rd 
story 1 A_235 0.165 0.149 0.087 39.7
% 
35.4
% 
10.0
% 
60.3% 64.6% 90.0% 
2 ABY090 0.140 0.110 0.067 43.1
% 
37.4
% 
18.5
% 
56.9% 62.6% 81.5% 
3 B_ICC000 0.201 0.164 0.091 42.5
% 
38.2
% 
10.8
% 
57.5% 61.8% 89.2% 
4 B_WSM090 0.160 0.127 0.090 44.7
% 
39.6
% 
17.4
% 
55.3% 60.4% 82.6% 
5 BRS000 0.204 0.167 0.093 43.4
% 
39.0
% 
14.5
% 
56.5% 61.0% 85.5% 
6 CHY046_N 0.183 0.146 0.080 46.3
% 
41.1
% 
13.9
% 
53.7% 58.9% 86.1% 
7 CWC270 0.137 0.107 0.067 44.6
% 
40.6
% 
21.0
% 
55.4% 59.4% 79.0% 
8 H_DLT262 0.130 0.121 0.072 40.6
% 
36.7
% 
12.1
% 
59.4% 63.3% 87.9% 
9 H_DLT352 0.156 0.125 0.073 43.6
% 
37.6
% 
10.8
% 
56.4% 62.4% 89.2% 
10 H_E03140 0.151 0.134 0.084 40.2
% 
40.0
% 
14.0
% 
59.8% 60.0% 86.0% 
11 HECTOR_2108136
0 
0.161 0.135 0.071 43.7
% 
40.0
% 
14.3
% 
56.3% 60.0% 85.7% 
12 PTS315 0.192 0.161 0.085 44.4
% 
42.0
% 
11.5
% 
55.6% 58.0% 88.5% 
Mean 0.165 0.137 0.080 43.1% 39.0% 14.1% 56.9% 61.0% 85.9% 
COV 0.15 0.15 0.12 0.05 0.05 0.24 0.03 0.03 0.04 


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Table 9.17 Estimated natural frequency and damping ratio of test structures in RTHS 
with FOE ground motions 
Structure Natural frequency (1st mode, Hz) 
Equivalent damping ratio, ξe 
(1st mode, %) 
D100V 1.86 
 
18 
 D75V 1.61 
 
19 
 D60V 1.38 
 
25 
 



Table 9.18 Peak story drift ratios and residual story drift ratios of D100V structure in 
RTHS with DBE ground motions 
EQ. 
ID. 
Ground motion 
records 
Peak story drift ratio (% rad) Residual story drift ratio (% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-POE360 0.55 0.65 0.48 0.01 0.02 0.03 
2 CWC270 0.57 0.58 0.44 0.01 0.01 0.02 
3 H-BRA315 0.81 0.84 0.60 0.05 0.05 0.02 
4 H-DLT352 0.57 0.68 0.46 0.01 0.01 0.01 
5 H-E03140 0.63 0.73 0.52 0.01 0.00 0.00 
6 HECTOR-11625090 0.68 0.76 0.48 0.01 0.01 0.00 
7 HECTOR-21081360 0.79 0.82 0.55 0.04 0.04 0.02 
8 HSP090 0.62 0.71 0.49 0.00 0.01 0.01 
9 PTS315 0.93 1.03 0.64 0.07 0.08 0.02 
10 RRS318 0.79 0.80 0.55 0.04 0.04 0.03 
11 SCE018 0.60 0.70 0.57 0.01 0.01 0.00 
12 TCU056-E 0.53 0.58 0.42 0.00 0.00 0.00 
13 TCU122-N 0.84 0.93 0.65 0.06 0.07 0.02 
14 WVC270 0.71 0.80 0.57 0.01 0.01 0.00 
Mean 0.69 0.76 0.53 0.02 0.03 0.01 
COV 0.18 0.17 0.13 1.00 0.98 0.83 












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Table 9.19 Peak story drift ratios and residual story drift ratios of D75V structure in 
RTHS with DBE ground motions 
EQ. 
ID. 
Ground motion 
records 
Peak story drift ratio (% rad) Residual story drift ratio (% rad) 
1st story 2nd story 3rd story 1st story 2nd story  3rd story 
1 B-POE360 0.54 0.70 0.63 0.01 0.03 0.05 
2 CHY047-N. 0.86 0.94 0.65 0.06 0.05 0.00 
3 CWC270 0.71 0.78 0.56 0.04 0.06 0.06 
4 H-BRA315 1.02 1.10 0.83 0.00 0.00 0.00 
5 H-DLT352 0.76 0.85 0.62 0.02 0.02 0.00 
6 H-E03140. 0.78 0.96 0.79 0.05 0.06 0.04 
7 HECTOR-11625090 0.89 1.01 0.73 0.05 0.05 0.02 
8 HECTOR-21081360 0.85 0.96 0.72 0.04 0.05 0.01 
9 HSP090 0.84 0.99 0.73 0.06 0.06 0.03 
10 PTS315 1.13 1.36 1.01 0.06 0.12 0.12 
11 RRS318 0.98 1.07 0.78 0.03 0.04 0.02 
12 SCE018 0.74 0.91 0.83 0.06 0.07 0.07 
13 TCU056-E 0.85 0.95 0.66 0.06 0.07 0.03 
14 WVC270 0.94 1.13 0.80 0.06 0.08 0.01 
Mean 0.85 0.98 0.74 0.04 0.05 0.03 
COV 0.17 0.16 0.15 0.47 0.51 1.02 



Table 9.20 Peak story drift ratios and residual story drift ratios of D60V structure in 
RTHS with DBE ground motions 
EQ. 
ID. 
Ground motion 
records 
Peak story drift ratio (% rad) Residual story drift ratio (% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-POE360 0.64 0.75 0.75 0.01 0.00 0.01 
2 CHY047-N 0.94 1.06 0.83 0.04 0.05 0.02 
3 CWC270 0.88 0.99 0.72 0.09 0.10 0.06 
4 H-BRA315 1.21 1.32 1.07 0.01 0.00 0.03 
5 H-DLT352 1.04 1.18 0.91 0.08 0.12 0.07 
6 H-E03140 0.93 1.16 1.03 0.10 0.14 0.10 
7 HECTOR-11625090 1.12 1.27 0.95 0.01 0.00 0.01 
8 HECTOR-21081360 0.78 0.93 0.79 0.01 0.01 0.01 
9 HSP090 1.07 1.36 1.14 0.17 0.23 0.18 
10 PTS315 1.20 1.48 1.16 0.02 0.06 0.08 
11 RRS318 1.12 1.25 1.04 0.02 0.01 0.02 
12 SCE018 0.98 1.06 0.90 0.04 0.05 0.03 
13 TCU056-E 1.04 1.23 0.96 0.08 0.11 0.09 
14 YER360 1.13 1.39 1.05 0.00 0.01 0.02 
Mean 1.00 1.17 0.95 0.05 0.06 0.05 
COV 0.16 0.17 0.15 1.01 1.09 0.95 

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Table 9.21 Peak floor velocities and peak total floor accelerations of D100V structure in 
RTHS with DBE ground motions 
EQ. 
ID. Ground motion records 
Peak floor velocity (m/s) Peak floor acceleration (g) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-POE360 0.161 0.290 0.390 0.411 0.439 0.569 
2 CWC270. 0.170 0.337 0.442 0.333 0.501 0.558 
3 H-BRA315 0.248 0.397 0.553 0.491 0.512 0.657 
4 H-DLT352 0.172 0.315 0.438 0.386 0.472 0.562 
5 H-E03140 0.171 0.283 0.371 0.392 0.452 0.545 
6 HECTOR-11625090 0.175 0.345 0.472 0.326 0.380 0.558 
7 HECTOR-21081360 0.167 0.289 0.424 0.379 0.392 0.556 
8 HSP090 0.151 0.322 0.419 0.255 0.357 0.521 
9 PTS315 0.176 0.337 0.476 0.369 0.450 0.549 
10 RRS318 0.158 0.308 0.403 0.421 0.494 0.519 
11 SCE018 0.218 0.424 0.566 0.521 0.429 0.639 
12 TCU056-E 0.125 0.226 0.324 0.286 0.321 0.480 
13 TCU122-N 0.152 0.299 0.406 0.419 0.422 0.531 
14 WVC270 0.178 0.333 0.408 0.370 0.424 0.579 
Mean 0.173 0.322 0.435 0.383 0.432 0.559 
COV 0.17 0.15 0.15 0.20 0.13 0.09 
 
 
Table 9.22 Peak floor velocities and peak total floor accelerations of D75V structure in 
RTHS with DBE ground motions 
EQ. 
ID. Ground motion records 
Peak floor velocity (m/s) Peak floor acceleration (g) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-POE360 0.175 0.362 0.417 0.416 0.446 0.529 
2 CHY047-N 0.192 0.342 0.448 0.314 0.344 0.444 
3 CWC270 0.166 0.291 0.391 0.309 0.486 0.452 
4 H-BRA315 0.252 0.400 0.525 0.396 0.462 0.514 
5 H-DLT352 0.180 0.354 0.477 0.260 0.358 0.408 
6 H-E03140. 0.185 0.331 0.430 0.393 0.375 0.507 
7 HECTOR-11625090 0.196 0.401 0.548 0.284 0.328 0.438 
8 HECTOR-21081360 0.173 0.326 0.440 0.316 0.392 0.535 
9 HSP090 0.142 0.283 0.407 0.278 0.305 0.417 
10 PTS315 0.207 0.395 0.548 0.338 0.381 0.480 
11 RRS318 0.168 0.291 0.342 0.341 0.429 0.467 
12 SCE018 0.241 0.466 0.614 0.485 0.400 0.590 
13 TCU056-E 0.152 0.273 0.388 0.281 0.310 0.419 
14 WVC270 0.200 0.409 0.543 0.367 0.397 0.545 
Mean 0.188 0.352 0.466 0.341 0.387 0.482 
COV 0.16 0.16 0.17 0.19 0.14 0.12 

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Table 9.23 Peak floor velocities and peak total floor accelerations of D60V structure in 
RTHS with DBE ground motions 
EQ. 
ID. Ground motion records 
Peak floor velocity (m/s) Peak floor acceleration (g) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-POE360 0.218 0.409 0.443 0.421 0.482 0.485 
2 CHY047-N 0.206 0.363 0.450 0.271 0.358 0.403 
3 CWC270 0.165 0.265 0.356 0.303 0.397 0.362 
4 H-BRA315 0.205 0.374 0.470 0.305 0.373 0.419 
5 H-DLT352 0.174 0.343 0.471 0.275 0.296 0.366 
6 H-E03140 0.217 0.383 0.493 0.363 0.336 0.503 
7 HECTOR-11625090 0.187 0.392 0.557 0.250 0.310 0.347 
8 HECTOR-21081360 0.178 0.321 0.472 0.283 0.303 0.433 
9 HSP090 0.181 0.382 0.542 0.266 0.312 0.445 
10 PTS315 0.194 0.394 0.562 0.292 0.299 0.396 
11 RRS318 0.183 0.347 0.426 0.310 0.395 0.454 
12 SCE018 0.257 0.477 0.609 0.434 0.414 0.548 
13 TCU056-E 0.151 0.288 0.431 0.244 0.313 0.355 
14 YER360. 0.200 0.351 0.512 0.299 0.346 0.426 
Mean 0.194 0.363 0.485 0.308 0.352 0.424 
COV 0.14 0.14 0.14 0.19 0.15 0.14 
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Table 9.24 RBS rotations, column rotations, and panel zone shear deformations of 
D100V structure in RTHS with DBE ground motions 
EQ
. 
ID. 
Ground 
motion 
records 
Peak RBS 
rotation  
(% rad) 
Residual RBS 
rotation  
(% rad) 
Peak column 
rotation 
(% rad) 
Residual 
column 
rotation  
(% rad) 
Peak panel 
zone deform.  
(% rad) 
Residual panel 
zone deform. 
(% rad) 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
stor
y 
2nd  
story
3rd 
stor
y 
1st  
stor
y 
2nd  
story
3rd  
stor
y 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
floor 
2nd  
floor 
3rd  
floor 
1 B-POE360 0.20 0.19 0.13 0.01 0.01 0.01 0.27 0.17 0.05 0.01 0.00 0.01 0.09 0.08 0.04 0.00 0.00 0.00 
2 CWC270 0.21 0.16 0.12 0.00 0.01 0.01 0.28 0.14 0.06 0.00 0.00 0.00 0.09 0.06 0.04 0.00 0.00 0.00 
3 H-BRA315 0.44 0.21 0.17 0.13 0.01 0.01 0.38 0.17 0.08 0.01 0.02 0.00 0.11 0.08 0.06 0.01 0.00 0.00 
4 H-DLT352 0.22 0.19 0.13 0.00 0.00 0.00 0.28 0.18 0.05 0.01 0.00 0.00 0.09 0.07 0.04 0.00 0.00 0.00 
5 H-E03140 0.26 0.21 0.14 0.01 0.00 0.00 0.30 0.17 0.07 0.00 0.00 0.00 0.10 0.08 0.05 0.00 0.00 0.00 
6 HECTOR-11625090 0.30 0.20 0.13 0.05 0.00 0.00 0.33 0.16 0.05 0.00 0.01 0.00 0.11 0.08 0.04 0.00 0.00 0.00 
7 HECTOR-21081360 0.40 0.22 0.15 0.12 0.00 0.01 0.38 0.18 0.07 0.01 0.02 0.00 0.11 0.09 0.05 0.01 0.00 0.00 
8 HSP090 0.25 0.20 0.13 0.01 0.00 0.00 0.30 0.17 0.04 0.00 0.00 0.00 0.10 0.08 0.04 0.00 0.00 0.00 
9 PTS315 0.66 0.28 0.17 0.26 0.02 0.00 0.43 0.17 0.06 0.02 0.04 0.00 0.12 0.11 0.06 0.02 0.00 0.00 
10 RRS318 0.38 0.22 0.15 0.11 0.01 0.01 0.38 0.18 0.08 0.01 0.01 0.00 0.11 0.09 0.05 0.01 0.00 0.00 
11 SCE018 0.23 0.21 0.16 0.01 0.00 0.00 0.29 0.17 0.06 0.00 0.00 0.00 0.10 0.08 0.05 0.00 0.00 0.00 
12 TCU056-E 0.20 0.16 0.12 0.00 0.00 0.00 0.26 0.14 0.05 0.00 0.00 0.00 0.09 0.06 0.04 0.00 0.00 0.00 
13 TCU122-N 0.49 0.26 0.18 0.21 0.01 0.01 0.40 0.18 0.05 0.02 0.03 0.00 0.12 0.10 0.06 0.01 0.00 0.00 
14 WVC270 0.33 0.23 0.15 0.05 0.00 0.00 0.34 0.17 0.05 0.00 0.01 0.00 0.11 0.09 0.05 0.00 0.00 0.00 
Mean 0.33 0.21 0.15 0.07 0.01 0.00 0.33 0.17 0.06 0.01 0.01 0.00 0.10 0.08 0.05 0.01 0.00 0.00 
COV 0.41 0.15 0.13 1.21 0.91 0.79 0.16 0.08 0.21 0.87 1.10 0.90 0.10 0.15 0.14 1.07 0.76 0.97 















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Table 9.25 RBS rotations, column rotations, and panel zone shear deformations of D75V 
structure in RTHS with DBE ground motions 
EQ
. 
ID. 
Ground 
motion 
records 
Peak RBS 
rotation  
(% rad) 
Residual RBS 
rotation 
(% rad) 
Peak column 
rotation 
(% rad) 
Residual 
column 
rotation  
(% rad) 
Peak panel 
zone deform. 
(% rad) 
Residual panel 
zone deform. 
(% rad) 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
stor
y 
2nd  
story
3rd  
stor
y 
1st  
stor
y 
2nd  
story
3rd  
stor
y 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
floor 
2nd  
floor 
3rd  
floor 
1 B-POE360 0.21 0.22 0.18 0.00 0.01 0.02 0.27 0.19 0.08 0.00 0.01 0.01 0.09 0.09 0.06 0.00 0.01 0.01 
2 CHY047-N 0.53 0.25 0.18 0.21 0.00 0.00 0.40 0.16 0.10 0.01 0.03 0.00 0.12 0.10 0.06 0.02 0.00 0.00 
3 CWC270 0.33 0.22 0.16 0.07 0.02 0.02 0.34 0.17 0.08 0.01 0.00 0.01 0.11 0.09 0.05 0.00 0.01 0.01 
4 H-BRA315 0.78 0.28 0.25 0.01 0.01 0.00 0.46 0.18 0.15 0.00 0.00 0.00 0.12 0.11 0.08 0.00 0.00 0.00 
5 H-DLT352 0.38 0.24 0.17 0.10 0.00 0.00 0.36 0.18 0.07 0.00 0.02 0.00 0.11 0.09 0.06 0.01 0.00 0.00 
6 H-E03140 0.44 0.31 0.22 0.15 0.04 0.01 0.37 0.21 0.08 0.01 0.02 0.00 0.12 0.11 0.07 0.01 0.00 0.00 
7 HECTOR-11625090 0.58 0.29 0.20 0.15 0.02 0.00 0.41 0.18 0.10 0.01 0.02 0.00 0.12 0.11 0.07 0.01 0.00 0.00 
8 HECTOR-21081360 0.50 0.28 0.20 0.18 0.01 0.00 0.41 0.20 0.08 0.01 0.03 0.00 0.12 0.11 0.07 0.02 0.00 0.00 
9 HSP090 0.53 0.30 0.20 0.21 0.02 0.01 0.39 0.19 0.08 0.01 0.03 0.00 0.12 0.11 0.07 0.02 0.00 0.00 
10 PTS315 1.00 0.59 0.28 0.13 0.22 0.03 0.50 0.19 0.08 0.02 0.00 0.01 0.12 0.12 0.09 0.00 0.01 0.01 
11 RRS318 0.67 0.34 0.22 0.14 0.05 0.00 0.46 0.20 0.10 0.01 0.02 0.00 0.12 0.11 0.07 0.01 0.00 0.00 
12 SCE018 0.39 0.30 0.24 0.12 0.04 0.02 0.36 0.20 0.10 0.02 0.01 0.01 0.11 0.11 0.08 0.01 0.01 0.01 
13 TCU056-E 0.53 0.26 0.19 0.19 0.01 0.01 0.39 0.18 0.08 0.01 0.03 0.01 0.12 0.10 0.06 0.01 0.00 0.00 
14 WVC270 0.70 0.37 0.22 0.24 0.07 0.01 0.43 0.19 0.10 0.01 0.03 0.02 0.12 0.12 0.07 0.02 0.01 0.00 
Mean 0.54 0.30 0.21 0.14 0.04 0.01 0.40 0.19 0.09 0.01 0.02 0.01 0.12 0.11 0.07 0.01 0.00 0.00 
COV 0.37 0.30 0.16 0.53 1.49 0.97 0.15 0.07 0.23 0.62 0.65 0.95 0.06 0.10 0.15 0.65 0.80 0.91 


















 377
Table 9.26 RBS rotations, column rotations, and panel zone shear deformations of D60V 
structure in RTHS with DBE ground motions 
EQ
. 
ID. 
Ground 
motion 
records 
Peak RBS 
rotation 
 (% rad) 
Residual RBS 
rotation 
(% rad) 
Peak column 
rotation 
(% rad) 
Residual 
column 
rotation (% 
rad) 
Peak panel 
zone deform. 
(% rad) 
Residual panel 
zone deform. 
(% rad) 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
stor
y 
2nd  
story
3rd  
stor
y 
1st  
stor
y 
2nd  
story
3rd  
stor
y 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
floor 
2nd  
floor 
3rd  
floor 
1 B-POE360 0.25 0.24 0.23 0.01 0.00 0.00 0.31 0.19 0.13 0.01 0.00 0.00 0.10 0.09 0.07 0.00 0.00 0.00 
2 CHY047-N 0.67 0.33 0.23 0.11 0.04 0.01 0.43 0.19 0.13 0.01 0.01 0.00 0.12 0.11 0.08 0.01 0.00 0.00 
3 CWC270 0.58 0.28 0.20 0.25 0.03 0.02 0.41 0.19 0.11 0.03 0.03 0.01 0.12 0.11 0.07 0.01 0.01 0.01 
4 H-BRA315 1.05 0.49 0.39 0.07 0.10 0.07 0.56 0.16 0.19 0.02 0.01 0.01 0.12 0.12 0.10 0.01 0.01 0.01 
5 H-DLT352 0.81 0.43 0.25 0.23 0.12 0.02 0.47 0.20 0.10 0.03 0.02 0.01 0.12 0.12 0.08 0.01 0.00 0.01 
6 H-E03140 0.65 0.51 0.32 0.27 0.19 0.05 0.43 0.23 0.11 0.03 0.03 0.01 0.12 0.12 0.09 0.02 0.01 0.01 
7 HECTOR-11625090 0.92 0.51 0.27 0.03 0.01 0.01 0.51 0.20 0.12 0.01 0.01 0.00 0.12 0.12 0.09 0.00 0.00 0.00 
8 HECTOR-21081360 0.44 0.29 0.22 0.01 0.01 0.00 0.37 0.20 0.11 0.00 0.01 0.00 0.12 0.11 0.07 0.00 0.00 0.00 
9 HSP090 0.92 0.67 0.38 0.46 0.33 0.11 0.48 0.21 0.10 0.05 0.05 0.02 0.12 0.13 0.10 0.03 0.01 0.01 
10 PTS315 1.12 0.73 0.37 0.03 0.16 0.07 0.54 0.20 0.10 0.03 0.01 0.01 0.13 0.13 0.10 0.00 0.01 0.00 
11 RRS318 0.88 0.54 0.32 0.10 0.10 0.03 0.52 0.20 0.13 0.01 0.02 0.01 0.12 0.12 0.09 0.01 0.01 0.00 
12 SCE018 0.68 0.36 0.26 0.12 0.06 0.01 0.45 0.22 0.15 0.01 0.02 0.01 0.12 0.12 0.08 0.01 0.00 0.00 
13 TCU056-E 0.84 0.49 0.27 0.20 0.16 0.02 0.47 0.19 0.11 0.02 0.02 0.01 0.12 0.12 0.09 0.01 0.01 0.01 
14 YER360 0.98 0.62 0.32 0.07 0.09 0.03 0.51 0.23 0.12 0.01 0.01 0.01 0.12 0.13 0.10 0.01 0.01 0.00 
Mean 0.77 0.46 0.29 0.14 0.10 0.03 0.46 0.20 0.12 0.02 0.02 0.01 0.12 0.12 0.09 0.01 0.01 0.00 
COV 0.31 0.33 0.21 0.92 0.91 1.01 0.15 0.09 0.20 0.72 0.71 0.60 0.05 0.08 0.12 0.75 0.70 0.81 














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Table 9.27 Axial forces in MRF and DBF columns at times of peak bending moments of 
D100V structure in RTHS with DBE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF column axial force 
(kN) 
DBF column axial force 
(kN) 
MRF column axial force / 
DBF column axial force 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-POE360 226.0 90.1 15.0 529.7 361.4 171.2 0.43 0.25 0.09 
2 CWC270 198.2 77.1 13.8 477.2 325.4 148.7 0.42 0.24 0.09 
3 H-BRA315 266.6 100.5 19.7 561.1 402.5 194.8 0.48 0.25 0.10 
4 H-DLT352 227.8 88.0 14.2 533.6 354.7 161.1 0.43 0.25 0.09 
5 H-E03140 253.7 95.8 16.1 564.7 372.7 174.5 0.45 0.26 0.09 
6 HECTOR-11625090 258.8 94.0 14.8 570.1 385.1 174.2 0.45 0.24 0.08 
7 HECTOR-21081360 269.6 103.6 17.2 537.5 368.5 173.2 0.50 0.28 0.10 
8 HSP090 245.7 94.4 14.8 534.2 352.0 162.5 0.46 0.27 0.09 
9 PTS315 304.7 123.4 19.1 646.8 412.4 182.3 0.47 0.30 0.10 
10 RRS318 265.3 102.7 17.4 508.6 323.4 145.5 0.52 0.32 0.12 
11 SCE018 247.6 100.5 17.8 623.8 434.2 201.5 0.40 0.23 0.09 
12 TCU056-E 206.1 75.1 13.2 440.3 291.0 131.7 0.47 0.26 0.10 
13 TCU122-N 290.4 119.4 19.8 497.9 328.3 154.2 0.58 0.36 0.13 
14 WVC270 271.1 106.3 17.3 586.2 385.1 182.7 0.46 0.28 0.09 
Mean 252.2 97.9 16.4 543.7 364.0 168.4 0.47 0.27 0.10 
COV 0.119 0.139 0.134 0.10 0.11 0.11 0.10 0.13 0.13 


Table 9.28 Axial forces in MRF and DBF columns at times of peak bending moments of 
D75V structure in RTHS with DBE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF column axial force 
(kN) 
DBF column axial force 
(kN) 
MRF column axial force / 
DBF column axial force 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-POE360 246.1 108.2 20.3 520.4 388.3 208.2 0.47 0.28 0.10 
2 CHY047-N 290.5 115.9 20.8 552.2 365.3 173.6 0.53 0.32 0.12 
3 CWC270 265.9 100.7 17.7 498.9 355.8 173.7 0.53 0.28 0.10 
4 H-BRA315 305.5 130.0 28.2 638.2 413.5 192.4 0.48 0.31 0.15 
5 H-DLT352 282.6 111.5 19.4 527.7 355.4 168.6 0.54 0.31 0.12 
6 H-E03140 304.8 134.8 25.0 618.3 425.0 207.4 0.49 0.32 0.12 
7 HECTOR-11625090 309.3 130.4 23.1 612.3 403.0 184.9 0.51 0.32 0.13 
8 HECTOR-21081360 294.7 126.6 22.8 576.7 372.3 185.4 0.51 0.34 0.12 
9 HSP090 304.8 129.8 22.9 580.1 387.2 182.7 0.53 0.34 0.13 
10 PTS315 338.4 150.7 30.6 694.7 452.9 203.0 0.49 0.33 0.15 
11 RRS318 306.6 135.6 24.6 618.8 410.6 197.7 0.50 0.33 0.12 
12 SCE018 307.9 135.9 26.8 607.7 422.0 216.7 0.51 0.32 0.12 
13 TCU056-E 296.8 119.7 21.0 527.0 350.2 163.0 0.56 0.34 0.13 
14 WVC270 319.9 138.0 24.9 660.4 450.9 218.0 0.48 0.31 0.11 
Mean 298.1 126.3 23.4 588.1 396.6 191.1 0.51 0.32 0.12 
COV 0.08 0.11 0.15 0.10 0.09 0.09 0.05 0.06 0.12 
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Table 9.29 Axial forces in MRF and DBF columns at times of peak bending moments of 
D60V structure in RTHS with DBE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF column axial force 
(kN) 
DBF column axial force 
(kN) 
MRF column axial force / 
DBF column axial force 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-POE360 262.4 115.2 25.6 507.6 382.1 211.4 0.52 0.30 0.12 
2 CHY047-N 313.9 137.0 26.5 531.8 354.1 174.0 0.59 0.39 0.15 
3 CWC270 301.6 126.0 22.9 526.9 366.0 178.5 0.57 0.34 0.13 
4 H-BRA315 330.9 148.6 34.0 680.3 435.9 197.9 0.49 0.34 0.17 
5 H-DLT352 325.0 144.2 28.6 581.2 392.1 183.4 0.56 0.37 0.16 
6 H-E03140 325.9 151.9 32.3 671.4 469.5 235.0 0.49 0.32 0.14 
7 HECTOR-11625090 332.0 147.8 29.9 648.3 411.8 188.5 0.51 0.36 0.16 
8 HECTOR-21081360 300.4 131.8 25.5 556.4 377.4 186.9 0.54 0.35 0.14 
9 HSP090 343.1 157.1 33.8 681.2 457.9 219.0 0.50 0.34 0.15 
10 PTS315 346.6 156.5 33.7 720.2 465.3 210.8 0.48 0.34 0.16 
11 RRS318 328.0 152.5 32.4 663.8 451.9 220.3 0.49 0.34 0.15 
12 SCE018 320.3 143.4 29.2 614.7 445.5 227.4 0.52 0.32 0.13 
13 TCU056-E 332.9 147.7 29.8 587.3 393.8 182.6 0.57 0.38 0.16 
14 YER360 343.4 152.3 32.3 655.0 433.0 205.1 0.52 0.35 0.16 
Mean 321.9 143.7 29.7 616.1 416.9 201.5 0.53 0.35 0.15 
COV 0.07 0.08 0.12 0.11 0.09 0.10 0.07 0.06 0.10 
 
Table 9.30 DBF story shear forces at times of peak story drifts of D100V structure in 
RTHS with DBE ground motions 
EQ. 
ID. 
Ground motion 
records 
DBF story shear force 
(Normalized by  
Ws=2702 kN) 
DBF column shear force 
contribution 
Damper force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-POE360 0.199 0.174 0.153 33.4
% 
25.6
% 
12.9
% 
66.6% 74.4% 87.1% 
2 CWC270 0.175 0.173 0.139 37.9
% 
22.4
% 
13.6
% 
62.1% 77.6% 86.4% 
3 H-BRA315 0.236 0.204 0.185 38.1
% 
23.3
% 
13.3
% 
61.9% 76.7% 86.7% 
4 H-DLT352 0.191 0.185 0.146 34.8
% 
25.8
% 
12.8
% 
65.2% 74.2% 87.2% 
5 H-E03140 0.205 0.187 0.159 35.8
% 
23.7
% 
13.9
% 
64.2% 76.3% 86.1% 
6 HECTOR-11625090 0.216 0.200 0.156 35.1
% 
23.3
% 
10.9
% 
64.9% 76.7% 89.1% 
7 HECTOR-21081360 0.217 0.181 0.155 43.4
% 
26.7
% 
12.7
% 
56.6% 73.3% 87.3% 
8 HSP090 0.192 0.177 0.143 38.3
% 
24.5
% 
11.7
% 
61.7% 75.5% 88.3% 
9 PTS315 0.245 0.215 0.162 42.4
% 
28.7
% 
11.7
% 
57.6% 71.3% 88.3% 
10 RRS318 0.208 0.174 0.146 45.3
% 
26.6
% 
14.4
% 
54.7% 73.4% 85.6% 
11 SCE018 0.223 0.221 0.184 31.0
% 
23.1
% 
12.8
% 
69.0% 76.9% 87.2% 
12 TCU056-E 0.164 0.151 0.119 38.2
% 
22.1
% 
13.5
% 
61.8% 77.9% 86.5% 
13 TCU122-N 0.221 0.180 0.143 45.3
% 
27.1
% 
16.7
% 
54.7% 72.9% 83.3% 
14 WVC270 0.225 0.195 0.161 37.8
% 
25.6
% 
11.0
% 
62.2% 74.4% 89.0% 
Mean 0.208 0.187 0.154 38.3
% 
24.9
% 
13.0
% 
61.7% 75.1% 87.0% 
COV 0.11 0.10 0.11 0.11 0.08 0.12 0.07 0.03 0.02 
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Table 9.31 DBF story shear forces at times of peak story drifts of D75V structure in 
RTHS with DBE ground motions 
EQ. 
ID. 
Ground motion 
records 
DBF story shear force 
(Normalized by  
Ws=3603 kN) 
DBF column shear force 
contribution 
Damper force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-POE360 0.162 0.152 0.141 34.7
% 
26.5
% 
15.3
% 
65.3% 73.5% 84.7% 
2 CHY047-N 0.196 0.146 0.123 47.8
% 
27.9
% 
15.0
% 
52.2% 72.1% 85.0% 
3 CWC270 0.150 0.128 0.116 39.0
% 
25.7
% 
15.5
% 
61.0% 74.3% 84.5% 
4 H-BRA315 0.280 0.178 0.193 29.7
% 
41.9
% 
38.3
% 
70.3% 58.1% 61.7% 
5 H-DLT352 0.168 0.141 0.121 39.3
% 
25.2
% 
14.1
% 
60.7% 74.8% 85.9% 
6 H-E03140 0.180 0.156 0.141 38.8
% 
27.8
% 
15.9
% 
61.2% 72.2% 84.1% 
7 HECTOR-11625090 0.180 0.161 0.135 41.8
% 
26.6
% 
15.1
% 
58.2% 73.4% 84.9% 
8 HECTOR-21081360 0.173 0.145 0.126 44.0
% 
30.8
% 
17.3
% 
56.0% 69.2% 82.7% 
9 HSP090 0.159 0.140 0.122 45.5
% 
31.8
% 
16.2
% 
54.5% 68.2% 83.8% 
10 PTS315 0.201 0.169 0.141 44.7
% 
31.3
% 
20.4
% 
55.3% 68.7% 79.6% 
11 RRS318 0.193 0.153 0.132 46.9
% 
31.8
% 
17.6
% 
53.1% 68.2% 82.4% 
12 SCE018 0.178 0.157 0.152 36.8
% 
26.7
% 
18.5
% 
63.2% 73.3% 81.5% 
13 TCU056-E 0.155 0.127 0.115 45.6
% 
30.9
% 
16.7
% 
54.4% 69.1% 83.3% 
14 WVC270 0.199 0.163 0.154 41.7
% 
25.5
% 
18.0
% 
58.3% 74.5% 82.0% 
Mean 0.184 0.151 0.137 41.2
% 
29.3
% 
18.1
% 
58.8% 70.7% 81.9% 
COV 0.18 0.10 0.15 0.12 0.15 0.33 0.09 0.06 0.07 
 
Table 9.32 DBF story shear forces at times of peak story drifts of D60V structure in 
RTHS with DBE ground motions 
EQ. 
ID. 
Ground motion 
records 
DBF story shear force 
(Normalized by 
Ws=4504 kN) 
DBF column shear force 
contribution 
Damper force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-POE360 0.138 0.126 0.120 36.0
% 
28.1
% 
21.4
% 
64.0% 71.9% 78.6% 
2 CHY047-N 0.145 0.123 0.102 42.8
% 
28.2
% 
17.8
% 
57.2% 71.8% 82.2% 
3 CWC270 0.128 0.107 0.097 44.8
% 
27.5
% 
18.1
% 
55.2% 72.5% 81.9% 
4 H-BRA315 0.159 0.139 0.113 47.8
% 
35.7
% 
19.9
% 
52.2% 64.3% 80.1% 
5 H-DLT352 0.149 0.120 0.104 46.8
% 
29.6
% 
18.6
% 
53.2% 70.4% 81.4% 
6 H-E03140 0.160 0.136 0.131 42.3
% 
30.2
% 
21.1
% 
57.7% 69.8% 78.9% 
7 HECTOR-11625090 0.161 0.133 0.116 47.3
% 
31.3
% 
19.5
% 
52.7% 68.7% 80.5% 
8 HECTOR-21081360 0.136 0.117 0.105 41.7
% 
29.4
% 
18.7
% 
58.3% 70.6% 81.3% 
9 HSP090 0.152 0.133 0.119 46.9
% 
33.5
% 
23.3
% 
53.1% 66.5% 76.7% 
10 PTS315 0.163 0.142 0.118 45.6
% 
32.3
% 
22.8
% 
54.4% 67.7% 77.2% 
11 RRS318 0.170 0.133 0.121 47.3
% 
32.7
% 
21.1
% 
52.7% 67.3% 78.9% 
12 SCE018 0.162 0.134 0.135 41.5
% 
24.9
% 
18.4
% 
58.5% 75.1% 81.6% 
13 TCU056-E 0.139 0.115 0.104 48.5
% 
34.1
% 
21.4
% 
51.5% 65.9% 78.6% 
14 YER360 0.159 0.132 0.117 48.2
% 
34.9
% 
21.8
% 
51.8% 65.1% 78.2% 
Mean 0.152 0.128 0.114 44.8
% 
30.9
% 
20.3
% 
55.2% 69.1% 79.7% 
COV 0.08 0.08 0.10 0.08 0.10 0.09 0.06 0.05 0.02 
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Table 9.33 Mean stiffness of damper force-story drift hysteresis loops in RTHS with 
DBE ground motions 
Story 
level 
D100V structure 
Kdamper  
(×103 kN/m) 
D75V structure 
Kdamper  
((×103 kN/m) 
D60V structure 
Kdamper  
((×103 kN/m) 
D75V / 
D100V 
D60V / 
D100V 
Mean COV Mean COV Mean COV 
1 14.1 0.16 10.0 0.20 8.2 0.26 0.71 0.58 
2 13.7 0.17 11.3 0.19 10.0 0.21 0.83 0.74 
3 21.1 0.12 15.5 0.14 12.6 0.17 0.74 0.60 

 
 
Table 9.34 MRF+DBF story shear forces and contributions from MRF and DBF of 
D100V structure in RTHS with DBE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF+DBF story shear 
force (normalized by 
Ws=2702 kN) 
MRF story shear force 
contribution 
DBF story shear force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-POE360 0.350 0.285 0.174 43.2% 38.7% 12.2% 56.8% 61.3% 87.8% 
2 CWC270 0.327 0.276 0.162 46.3% 37.3% 14.2% 53.7% 62.7% 85.8% 
3 H-BRA315 0.427 0.336 0.218 44.7% 39.1% 15.1% 55.3% 60.9% 84.9% 
4 H-DLT352 0.340 0.306 0.167 43.6% 39.6% 12.6% 56.4% 60.4% 87.4% 
5 H-E03140 0.361 0.308 0.188 43.3% 39.3% 15.4% 56.7% 60.7% 84.6% 
6 HECTOR-11625090 0.381 0.320 0.176 43.3% 37.6% 11.2% 56.6% 62.4% 88.8% 
7 HECTOR-21081360 0.414 0.311 0.183 47.6% 41.7% 15.3% 52.4% 58.3% 84.7% 
8 HSP090 0.350 0.295 0.160 45.1% 39.9% 10.9% 54.9% 60.1% 89.0% 
9 PTS315 0.447 0.357 0.183 45.1% 39.8% 11.5% 54.9% 60.2% 88.5% 
10 RRS318 0.409 0.301 0.176 49.2% 42.3% 17.2% 50.8% 57.7% 82.8% 
11 SCE018 0.378 0.333 0.207 41.1% 33.5% 11.2% 58.9% 66.5% 88.8% 
12 TCU056-E 0.302 0.243 0.137 45.6% 37.9% 12.9% 54.4% 62.1% 87.1% 
13 TCU122-N 0.426 0.315 0.162 48.2% 42.8% 11.7% 51.8% 57.2% 88.3% 
14 WVC270 0.406 0.319 0.182 44.6% 38.9% 11.1% 55.4% 61.1% 88.9% 
Mean 0.380 0.307 0.177 45.1% 39.2% 13.0% 54.9% 60.8% 87.0% 
COV 0.11 0.09 0.11 0.05 0.06 0.16 0.04 0.04 0.02 










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Table 9.35 MRF+DBF story shear forces and contributions from MRF and DBF of D75V 
structure in RTHS with DBE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF+DBF story shear 
force (normalized by  
Ws=3603 kN) 
MRF story shear force 
contribution 
DBF story shear force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-POE360 0.279 0.239 0.165 41.9% 36.4% 14.6% 58.0% 63.6% 85.4% 
2 CHY047-N 0.347 0.250 0.154 43.4% 41.7% 19.9% 56.6% 58.3% 80.1% 
3 CWC270 0.281 0.225 0.140 46.5% 43.3% 16.9% 53.5% 56.7% 83.1% 
4 H-BRA315 0.437 0.302 0.236 36.0% 40.9% 18.4% 64.0% 59.1% 81.6% 
5 H-DLT352 0.310 0.242 0.141 45.8% 41.8% 14.7% 54.2% 58.2% 85.3% 
6 H-E03140 0.318 0.267 0.165 43.6% 41.5% 14.5% 56.4% 58.5% 85.5% 
7 HECTOR-11625090 0.330 0.271 0.165 45.3% 40.4% 17.7% 54.7% 59.6% 82.3% 
8 HECTOR-21081360 0.330 0.258 0.149 47.7% 43.7% 15.9% 52.3% 56.3% 84.1% 
9 HSP090 0.304 0.250 0.143 47.7% 44.0% 15.2% 52.3% 56.0% 84.8% 
10 PTS315 0.369 0.293 0.165 45.5% 42.3% 14.9% 54.5% 57.7% 85.1% 
11 RRS318 0.367 0.270 0.160 47.3% 43.6% 17.5% 52.7% 56.4% 82.5% 
12 SCE018 0.319 0.258 0.182 44.1% 39.2% 16.6% 55.9% 60.8% 83.4% 
13 TCU056-E 0.297 0.234 0.140 47.6% 45.7% 17.8% 52.4% 54.3% 82.2% 
14 WVC270 0.350 0.282 0.183 43.1% 42.3% 15.8% 56.9% 57.7% 84.2% 
Mean 0.331 0.260 0.164 44.7%
% 
41.9% 16.4% 55.3% 58.1% 83.6% 
COV 0.13 0.09 0.15 0.07 0.05 0.10 0.06 0.04 0.02 

Table 9.36 MRF+DBF story shear forces and contributions from MRF and DBF of D60V 
structure in RTHS with DBE level ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF+DBF story shear 
force (normalized by 
Ws=4504 kN) 
MRF story shear force 
contribution 
DBF story shear force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-POE360 0.244 0.216 0.151 43.2% 41.3% 20.5% 56.8% 58.7% 79.5% 
2 CHY047-N 0.265 0.216 0.136 45.1% 42.9% 25.3% 54.9% 57.1% 74.7% 
3 CWC270 0.245 0.195 0.125 47.7% 45.3% 22.0% 52.3% 54.7% 78.0% 
4 H-BRA315 0.302 0.243 0.159 47.3% 42.9% 28.7% 52.6% 57.1% 71.3% 
5 H-DLT352 0.282 0.211 0.126 47.2% 43.0% 17.8% 52.8% 57.0% 82.2% 
6 H-E03140 0.293 0.237 0.160 45.3% 42.8% 18.4% 54.7% 57.2% 81.6% 
7 HECTOR-11625090 0.300 0.237 0.145 46.2% 43.7% 20.1% 53.8% 56.3% 79.9% 
8 HECTOR-21081360 0.252 0.204 0.132 46.0% 42.8% 20.1% 54.0% 57.2% 79.9% 
9 HSP090 0.287 0.233 0.143 47.1% 43.1% 16.8% 52.9% 56.9% 83.2% 
10 PTS315 0.303 0.248 0.143 46.3% 42.7% 17.3% 53.7% 57.3% 82.7% 
11 RRS318 0.320 0.233 0.156 46.9% 42.9% 22.1% 53.2% 57.1% 77.9% 
12 SCE018 0.295 0.234 0.172 45.0% 42.9% 21.8% 55.0% 57.1% 78.2% 
13 TCU056-E 0.265 0.211 0.132 47.4% 45.3% 21.2% 52.6% 54.7% 78.8% 
14 YER360 0.299 0.243 0.149 46.9% 45.7% 21.8% 53.1% 54.3% 78.2% 
Mean 0.282 0.226 0.145 46.3% 43.4% 21.0% 53.7% 56.6% 79.0% 
COV 0.09 0.07 0.10 0.03 0.03 0.15 0.02 0.02 0.04 
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Table 9.37 Estimated natural frequency and damping ratio of test structures in RTHS 
with DBE ground motions 
Structure Natural frequency (1st mode, Hz) 
Equivalent damping ratio, ξe 
(1st mode, %) 
D100V 1.70 
 
29 
 D75V 1.45 
 
32 
 D60V 1.24 
 
31 
 



Table 9.38 Peak story drift ratios and residual story drift ratios of D100V structure in 
RTHS with MCE ground motions 
EQ. 
ID 
Ground motion 
records 
Peak story drift ratio (% rad) Residual story drift ratio (% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-IVW360 0.90 1.02 0.74 0.04 0.05 0.02 
2 CWC270 0.90 0.99 0.68 0.10 0.13 0.08 
3 DZC270 1.18 1.40 1.03 0.02 0.06 0.05 
4 H-BRA315 1.37 1.52 1.12 0.01 0.01 0.03 
5 H-E03140 1.09 1.35 1.02 0.08 0.15 0.12 
6 H-ECC002 1.27 1.39 0.98 0.09 0.12 0.06 
7 HSP000 1.47 1.74 1.24 0.02 0.06 0.01 
8 HSP090 1.07 1.24 0.92 0.11 0.15 0.10 
9 PTS315 1.61 1.92 1.36 0.11 0.10 0.12 
10 RRS318 1.32 1.44 1.00 0.10 0.14 0.13 
11 SCE288 1.58 1.76 1.27 0.05 0.02 0.06 
12 TCU042-E 0.87 1.13 0.93 0.08 0.11 0.09 
13 TCU055-N 1.10 1.29 0.88 0.04 0.05 0.03 
14 YER360 1.07 1.19 0.84 0.03 0.03 0.02 
Mean 1.20 1.39 1.01 0.07 0.09 0.07 
COV 0.20 0.19 0.19 0.58 0.61 0.66 
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Table 9.39 Peak story drift ratios and residual story drift ratios of D75V structure in 
RTHS with MCE ground motions 
EQ. 
ID 
Ground motion 
records 
Story drift ratio (% rad) Residual story drift ratio (% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-IVW360 1.13 1.37 1.07 0.05 0.10 0.10 
2 CWC270 1.24 1.45 1.08 0.21 0.28 0.20 
3 TCU042-E 1.06 1.43 1.29 0.12 0.18 0.15 
4 TCU055-N 1.39 1.74 1.34 0.02 0.02 0.02 
5 YER360 1.49 1.85 1.41 0.05 0.11 0.10 
6 HSP090 1.54 1.97 1.67 0.30 0.42 0.10 
7 HSP000 1.76 2.08 1.73 0.13 0.23 0.18 
8 PTS315 1.81 2.22 1.84 0.08 0.01 0.02 
9 H-DLT352 1.53 1.74 1.37 0.16 0.18 0.21 
10 STG000 1.75 2.10 2.04 0.40 0.52 0.56 
11 H-E03140 1.35 1.72 1.51 0.15 0.23 0.23 
12 RRS318 1.61 1.83 1.50 0.03 0.09 0.02 
13 H-BRA315 1.79 2.01 1.62 0.04 0.01 0.07 
14 SCE288 2.24 2.60 2.17 0.40 0.36 0.36 
Mean 1.55 1.86 1.55 0.15 0.19 0.19 
COV 0.20 0.18 0.21 0.86 0.80 0.86 
 
 
 
Table 9.40 Peak story drift ratios and residual story drift ratios of D60V structure in 
RTHS with MCE ground motions 
EQ. ID Ground motion 
records 
Peak story drift ratio (% rad) Residual story drift ratio (% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 CWC270 1.58 1.87 1.55 0.35 0.46 0.44 
2 DZC270 1.61 2.01 1.67 0.07 0.12 0.10 
3 H-DLT352 2.06 2.37 1.99 0.16 0.10 0.11 
4 RRS318 1.75 2.00 1.82 0.31 0.40 0.32 
5 TCU055-N 1.84 2.15 1.86 0.22 0.21 0.24 
6 H-BRA315 2.13 2.44 2.07 0.06 0.00 0.06 
7 NORTHR-5082-235 2.22 2.61 2.18 0.21 0.12 0.11 
Mean 1.88 2.21 1.88 0.20 0.20 0.20 
COV 0.14 0.12 0.12 0.56 0.83 0.72 
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Table 9.41 Peak floor velocities and peak total floor accelerations of D100V structure in 
RTHS with MCE ground motions 
EQ. 
ID 
Ground motion 
records 
Peak floor velocity (m/s) Peak floor acceleration (g) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-IVW360 0.209 0.435 0.563 0.429 0.533 0.651 
2 CWC270 0.227 0.496 0.636 0.487 0.658 0.702 
3 DZC270 0.253 0.506 0.655 0.475 0.583 0.708 
4 H-BRA315 0.339 0.575 0.792 0.575 0.738 0.765 
5 H-E03140 0.248 0.458 0.614 0.600 0.563 0.735 
6 H-ECC002 0.224 0.470 0.629 0.496 0.563 0.618 
7 HSP000 0.276 0.541 0.793 0.521 0.573 0.730 
8 HSP090 0.201 0.438 0.587 0.424 0.511 0.652 
9 PTS315 0.283 0.550 0.779 0.565 0.579 0.752 
10 RRS318 0.198 0.423 0.531 0.540 0.621 0.682 
11 SCE288 0.269 0.555 0.758 0.550 0.646 0.634 
12 TCU042-E 0.246 0.446 0.580 0.601 0.523 0.730 
13 TCU055-N 0.251 0.484 0.649 0.476 0.551 0.607 
15 YER360 0.200 0.392 0.556 0.517 0.539 0.624 
Mean 0.243 0.480 0.649 0.512 0.580 0.681 
COV 0.16 0.12 0.14 0.12 0.11 0.08 
 
 
 
Table 9.42 Peak floor velocities and peak total floor accelerations of D75V structure in 
RTHS with MCE ground motions 
EQ. 
ID Ground motion 
Peak floor velocity (m/s) Peak floor acceleration (g) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 B-IVW360 0.214 0.453 0.627 0.426 0.467 0.214 
2 CWC270 0.206 0.409 0.552 0.505 0.568 0.206 
3 TCU042-E 0.272 0.517 0.701 0.565 0.451 0.272 
4 TCU055-N 0.232 0.466 0.676 0.454 0.477 0.232 
5 YER360 0.252 0.466 0.723 0.536 0.496 0.252 
6 HSP090 0.254 0.537 0.766 0.439 0.474 0.254 
7 HSP000 0.292 0.598 0.834 0.471 0.472 0.292 
8 PTS315 0.291 0.595 0.842 0.429 0.463 0.291 
9 H-DLT352 0.257 0.496 0.700 0.475 0.530 0.257 
10 STG000 0.375 0.677 0.816 0.702 0.688 0.375 
11 H-E03140 0.297 0.559 0.728 0.561 0.514 0.297 
12 RRS318 0.242 0.464 0.621 0.494 0.548 0.242 
13 H-BRA315 0.311 0.533 0.686 0.446 0.608 0.311 
14 SCE288 0.253 0.543 0.742 0.554 0.571 0.253 
Mean 0.268 0.522 0.715 0.504 0.523 0.618 
COV 0.16 0.14 0.12 0.15 0.13 0.08 
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Table 9.43 Peak floor velocities and peak total floor accelerations of D60V structure in 
RTHS with MCE ground motions 
EQ. 
ID Ground motion 
Peak floor velocity (m/s) Peak floor acceleration (g) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
1 CWC270 0.220 0.429 0.618 0.521 0.430 0.482 
2 DZC270 0.264 0.512 0.723 0.550 0.501 0.555 
3 H-DLT352 0.261 0.485 0.723 0.380 0.420 0.472 
4 RRS318 0.291 0.559 0.727 0.456 0.454 0.535 
5 TCU055-N 0.270 0.556 0.813 0.461 0.426 0.527 
6 H-BRA315 0.280 0.507 0.674 0.475 0.492 0.516 
7 NORTHR-5082-235 0.360 0.649 0.803 0.632 0.582 0.517 
Mean 0.278 0.528 0.726 0.496 0.472 0.515 
COV 0.15 0.13 0.09 0.16 0.12 0.06 
 
 
 
 
Table 9.44 RBS rotations, MRF column rotations, and panel zone shear deformations of 
D100V structure in RTHS with MCE ground motions 
EQ. 
ID 
Ground 
motion 
record 
Peak RBS 
 rotation 
 (% rad) 
Residual RBS 
rotation 
(% rad) 
Peak column 
 rotation 
(% rad) 
Residual 
column 
rotation 
(% rad) 
Peak panel 
zone deform. 
(% rad) 
Residual panel 
zone deform. 
(% rad) 
1st 
floor 
2nd  
floor 
3rd  
floor 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
stor
y 
2nd  
stor
y 
3rd  
stor
y 
1st   
stor
y 
2nd  
stor
y 
3rd  
stor
y 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
floor 
2nd  
floor 
3rd  
floor 
1 B-IVW360 0.62 0.30 0.20 0.16 0.01 0.01 0.41 0.19 0.08 0.01 0.02 0.00 0.12 0.11 0.07 0.01 0.00 0.00 
2 CWC270 0.60 0.27 0.19 0.30 0.03 0.02 0.41 0.21 0.12 0.03 0.03 0.01 0.12 0.11 0.06 0.02 0.01 0.01 
3 DZC270 1.06 0.62 0.28 0.09 0.22 0.01 0.53 0.21 0.09 0.02 0.01 0.03 0.12 0.12 0.09 0.01 0.02 0.00 
4 H-BRA315 1.32 0.61 0.39 0.11 0.14 0.06 0.69 0.24 0.14 0.10 0.02 0.02 0.13 0.12 0.10 0.01 0.02 0.00 
5 H-E03140 0.93 0.61 0.28 0.25 0.25 0.03 0.49 0.21 0.11 0.02 0.02 0.02 0.12 0.13 0.09 0.02 0.01 0.01 
6 H-ECC002 1.14 0.55 0.28 0.32 0.07 0.01 0.61 0.18 0.11 0.02 0.04 0.00 0.12 0.12 0.09 0.02 0.00 0.01 
7 HSP000 1.48 0.92 0.40 0.25 0.04 0.06 0.78 0.19 0.12 0.14 0.04 0.00 0.13 0.13 0.10 0.02 0.01 0.01 
8 HSP090 0.88 0.46 0.25 0.30 0.16 0.02 0.48 0.20 0.09 0.03 0.03 0.01 0.12 0.12 0.08 0.02 0.00 0.01 
9 PTS315 1.68 1.08 0.51 0.02 0.19 0.17 0.93 0.19 0.11 0.29 0.03 0.01 0.13 0.13 0.11 0.02 0.01 0.00 
10 RRS318 1.19 0.59 0.29 0.11 0.24 0.04 0.66 0.21 0.12 0.12 0.01 0.02 0.12 0.13 0.09 0.00 0.01 0.01 
11 SCE288 1.57 0.90 0.46 0.14 0.10 0.12 0.91 0.20 0.12 0.22 0.03 0.01 0.13 0.13 0.11 0.02 0.01 0.01 
12 TCU042-E 0.62 0.44 0.26 0.25 0.11 0.03 0.41 0.21 0.10 0.02 0.03 0.00 0.12 0.12 0.09 0.02 0.00 0.01 
13 TCU055-N 0.95 0.46 0.24 0.09 0.07 0.00 0.50 0.19 0.09 0.02 0.01 0.01 0.12 0.12 0.08 0.00 0.00 0.00 
14 YER360 0.86 0.37 0.24 0.11 0.03 0.01 0.48 0.22 0.12 0.00 0.02 0.01 0.12 0.12 0.08 0.01 0.01 0.00 
Mean 1.07 0.59 0.31 0.18 0.13 0.04 0.59 0.20 0.11 0.02 0.00 0.01 0.12 0.12 0.09 0.01 0.01 0.01 
COV 0.32 0.39 0.30 0.52 0.73 1.07 0.29 0.07 0.15 4.81 12.7 2.25 0.03 0.06 0.15 0.43 0.71 0.50 
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Table 9.45 RBS rotations, MRF column rotations, and panel zone shear deformations of 
D75V structure in RTHS with MCE ground motions 
EQ. 
ID 
Ground 
motion 
record 
Peak RBS 
rotation 
(% rad) 
Residual RBS 
rotation 
(% rad) 
Peak column 
rotation 
(% rad) 
Residual 
column 
rotation 
(% rad) 
Peak panel 
zone deform. 
(% rad) 
Residual panel 
zone deform. 
(% rad) 
1st 
floor 
2nd  
floor 
3rd  
floor 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
stor
y 
2nd  
stor
y 
3rd  
stor
y 
1st   
stor
y 
2nd  
stor
y 
3rd  
stor
y 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
floor 
2nd  
floor 
3rd  
floor 
1 B-IVW360 0.99 0.63 0.32 0.10 0.25 0.04 0.51 0.21 0.13 0.02 0.00 0.02 0.12 0.12 0.10 0.00 0.02 0.01 
2 CWC270 1.14 0.66 0.32 0.59 0.33 0.08 0.57 0.25 0.16 0.09 0.06 0.01 0.12 0.12 0.10 0.04 0.01 0.01 
3 H-BRA315 1.87 1.14 0.90 0.20 0.13 0.28 1.15 0.23 0.18 0.28 0.04 0.01 0.13 0.13 0.12 0.03 0.01 0.02 
4 H-DLT352 1.50 0.97 0.57 0.12 0.35 0.24 0.86 0.23 0.16 0.27 0.01 0.02 0.13 0.13 0.11 0.01 0.02 0.00 
5 H-E03140 1.31 1.06 0.74 0.29 0.39 0.34 0.68 0.24 0.17 0.14 0.01 0.02 0.13 0.14 0.11 0.01 0.02 0.01 
6 HSP000 1.85 1.35 0.96 0.46 0.34 0.22 1.11 0.21 0.13 0.06 0.05 0.02 0.13 0.13 0.11 0.03 0.02 0.00 
7 HSP090 1.61 1.29 0.88 0.56 0.69 0.52 0.85 0.21 0.13 0.30 0.02 0.04 0.13 0.14 0.12 0.02 0.03 0.01 
8 PTS315 1.96 1.51 1.05 0.15 0.01 0.17 1.14 0.22 0.11 0.37 0.03 0.00 0.13 0.14 0.12 0.02 0.00 0.02 
9 RRS318 1.58 1.07 0.72 0.36 0.03 0.18 0.99 0.22 0.17 0.21 0.06 0.01 0.13 0.14 0.11 0.03 0.00 0.02 
10 SCE288 2.47 1.88 1.42 0.30 0.51 0.58 1.65 0.19 0.15 0.79 0.02 0.03 0.13 0.14 0.12 0.02 0.01 0.02 
11 STG000 1.83 1.54 1.34 0.57 0.84 0.87 1.09 0.22 0.16 0.50 0.00 0.04 0.14 0.14 0.12 0.01 0.03 0.03 
12 TCU042-E 0.95 0.80 0.52 0.36 0.23 0.18 0.48 0.22 0.12 0.03 0.04 0.01 0.13 0.13 0.11 0.02 0.01 0.00 
13 TCU055-N 1.41 0.96 0.55 0.11 0.03 0.03 0.69 0.21 0.13 0.05 0.02 0.01 0.13 0.13 0.11 0.01 0.01 0.01 
14 YER360 1.53 1.05 0.62 0.20 0.17 0.03 0.80 0.23 0.15 0.09 0.02 0.00 0.13 0.13 0.11 0.01 0.01 0.01 
Mean 1.57 1.14 0.78 0.31 0.31 0.27 0.90 0.22 0.15 0.23 0.03 0.02 0.13 0.13 0.11 0.02 0.01 0.01 
COV 0.26 0.31 0.43 0.57 0.80 0.90 0.36 0.06 0.14 0.95 0.72 0.68 0.03 0.04 0.07 0.58 0.68 0.65 
 
Table 9.46 RBS rotations, MRF column rotations, and panel zone shear deformations of 
D60V structure in RTHS with MCE ground motions 
EQ. 
ID 
Ground 
motion 
record 
Peak RBS 
rotation 
(% rad) 
Residual RBS 
rotation 
(% rad) 
Peak column 
rotation 
(% rad) 
Residual 
column 
rotation 
(% rad) 
Peak panel 
zone deform. 
(% rad) 
Residual panel 
zone deform. 
(% rad) 
1st 
floor 
2nd  
floor 
3rd  
floor 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
stor
y 
2nd  
stor
y 
3rd  
stor
y 
1st   
stor
y 
2nd  
stor
y 
3rd  
stor
y 
1st  
floor 
2nd  
floor 
3rd  
floor 
1st  
floor 
2nd  
floor 
3rd  
floor 
1 CWC270 1.60 1.14 0.76 0.62 0.69 0.45 0.90 0.26 0.19 0.35 0.02 0.03 0.13 0.13 0.11 0.02 0.02 0.00 
2 DZC270 1.70 1.31 0.89 0.25 0.21 0.03 0.93 0.21 0.18 0.05 0.03 0.02 0.13 0.13 0.11 0.02 0.01 0.01 
3 H-BRA315 2.32 1.64 1.40 0.23 0.06 0.30 1.53 0.19 0.20 0.37 0.05 0.00 0.13 0.14 0.12 0.03 0.00 0.02 
4 H-DLT352 2.20 1.65 1.23 0.03 0.07 0.27 1.46 0.24 0.16 0.38 0.02 0.01 0.13 0.14 0.12 0.01 0.01 0.01 
5 NORTHR-5082-235 2.46 1.80 1.54 0.09 0.10 0.31 1.63 0.28 0.23 0.50 0.01 0.00 0.13 0.14 0.12 0.01 0.00 0.02 
6 RRS318 1.74 1.34 1.08 0.67 0.59 0.25 1.14 0.24 0.18 0.23 0.06 0.04 0.13 0.14 0.12 0.03 0.03 0.01 
7 TCU055-N 1.91 1.47 1.13 0.15 0.25 0.35 1.22 0.23 0.16 0.40 0.02 0.00 0.13 0.14 0.12 0.01 0.00 0.01 
Mean 1.99 1.48 1.15 0.29 0.28 0.28 1.26 0.24 0.18 0.33 0.03 0.01 0.13 0.14 0.12 0.02 0.01 0.01 
COV 0.17 0.16 0.24 0.86 0.91 0.46 0.23 0.13 0.13 0.45 0.64 1.01 0.02 0.02 0.04 0.41 0.93 0.61 
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Table 9.47 Axial forces in MRF and DBF columns at times of peak bending moments of 
D100V structure in RTHS with MCE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF column axial force 
(kN) 
DBF column axial force 
(kN) 
MRF column axial force / 
DBF column axial force 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-IVW360 308.7 131.4 23.0 671.3 431.6 195.0 0.46 0.30 0.12 
2 CWC270 299.6 123.2 21.4 626.0 433.2 200.8 0.48 0.28 0.11 
3 DZC270 339.5 151.9 30.8 688.6 446.2 206.9 0.49 0.34 0.15 
4 H-BRA315 331.9 151.4 34.0 742.9 467.9 211.0 0.45 0.32 0.16 
5 H-E03140 341.6 153.0 30.9 748.8 490.4 229.6 0.46 0.31 0.13 
6 H-ECC002 334.5 146.9 30.3 657.9 415.2 187.8 0.51 0.35 0.16 
7 HSP000 350.1 159.0 34.2 817.6 532.3 236.1 0.43 0.30 0.14 
8 HSP090 328.1 145.2 28.5 651.5 428.4 194.7 0.50 0.34 0.15 
9 PTS315 358.5 162.0 35.4 841.2 546.4 241.9 0.43 0.30 0.15 
10 RRS318 337.2 149.0 31.0 696.7 449.4 199.5 0.48 0.33 0.16 
11 SCE288 352.4 157.9 35.2 740.2 456.0 197.6 0.48 0.35 0.18 
12 TCU042-E 325.0 146.4 29.2 664.9 459.0 215.5 0.49 0.32 0.14 
13 TCU055-N 329.0 141.9 27.3 710.0 451.4 205.4 0.46 0.31 0.13 
14 YER360 321.2 136.6 27.5 614.4 422.9 191.6 0.52 0.32 0.14 
Mean 332.7 146.8 29.9 705.2 459.3 208.1 0.47 0.32 0.14 
COV 0.05 0.07 0.14 0.10 0.09 0.08 0.06 0.06 0.13 


Table 9.48Axial forces in MRF and DBF columns at times of peak bending moments of 
D75V structure in RTHS with MCE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF column axial force 
(kN) 
DBF column axial force 
(kN) 
MRF column axial force / 
DBF column axial force 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-IVW360 341.3 153.1 32.4 665.4 464.6 229.5 0.51 0.33 0.14 
2 CWC270 339.9 152.0 32.6 645.6 452.7 210.7 0.53 0.34 0.15 
3 H-BRA315 358.8 164.1 38.6 843.2 534.5 243.3 0.43 0.31 0.16 
4 H-DLT352 354.5 161.3 35.7 670.6 479.8 222.6 0.53 0.34 0.16 
5 H-E03140 363.0 168.5 37.6 830.7 569.3 268.1 0.44 0.30 0.14 
6 HSP000 362.4 168.1 38.0 839.3 545.0 243.0 0.43 0.31 0.16 
7 HSP090 369.1 170.7 38.1 827.0 550.5 254.3 0.45 0.31 0.15 
8 PTS315 371.4 171.4 38.4 887.7 573.6 256.1 0.42 0.30 0.15 
9 RRS318 361.1 166.7 37.4 818.4 548.4 247.8 0.44 0.30 0.15 
10 SCE288 383.4 176.2 40.1 927.3 596.7 268.7 0.41 0.30 0.15 
11 STG000 368.7 175.2 40.3 864.3 573.2 268.8 0.43 0.31 0.15 
12 TCU042-E 349.2 162.5 36.0 740.4 523.2 252.2 0.47 0.31 0.14 
13 TCU055-N 357.6 161.8 36.0 826.4 540.9 242.4 0.43 0.30 0.15 
14 YER360 363.4 163.9 36.6 762.7 498.3 234.3 0.48 0.33 0.16 
Mean 360.3 165.4 37.0 796.4 532.2 245.8 0.46 0.31 0.15 
COV 0.03 0.04 0.06 0.11 0.08 0.07 0.09 0.05 0.04 
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Table 9.49Axial forces in MRF and DBF columns at times of peak bending moments of 
D60V structure in RTHS with MCE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF column axial force 
(kN) 
DBF column axial force 
(kN) 
MRF column axial force / 
DBF column axial force 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 CWC270 358.7 164.3 36.8 670.6 453.7 215.5 0.53 0.36 0.17 
2 DZC270 366.6 169.4 37.4 785.3 514.3 250.0 0.47 0.33 0.15 
3 H-BRA315 378.8 172.5 40.6 894.7 571.4 255.5 0.42 0.30 0.16 
4 H-DLT352 375.4 171.9 38.6 775.7 491.1 225.8 0.48 0.35 0.17 
5 NORTHR-5082-235 382.2 173.0 40.9 845.8 535.1 232.4 0.45 0.32 0.18 
6 RRS318 370.3 174.0 39.7 834.0 562.3 270.3 0.44 0.31 0.15 
7 TCU055-N 374.6 174.2 39.5 827.7 557.2 260.1 0.45 0.31 0.15 
Mean 372.4 171.3 39.1 804.8 526.4 244.2 0.47 0.33 0.16 
COV 0.02 0.02 0.04 0.09 0.08 0.08 0.08 0.07 0.07 



Table 9.50 DBF story shear forces at times of peak story drifts of D100V structure in 
RTHS with MCE ground motions 
EQ. 
ID. 
Ground motion 
records 
DBF story shear force 
(Normalized by  
Ws=2702 kN) 
DBF column shear force 
contribution 
Damper force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-IVW360 0.251 0.219 0.177 41.7% 26.8% 16.1% 58.3% 73.2% 83.9% 
2 CWC270 0.243 0.225 0.182 42.6% 27.5% 14.4% 57.4% 72.5% 85.6% 
3 DZC270 0.282 0.233 0.192 47.4% 31.8% 18.9% 52.6% 68.2% 81.1% 
4 H-BRA315 0.326 0.256 0.217 48.6% 31.5% 17.1% 51.4% 68.5% 82.9% 
5 H-E03140 0.299 0.254 0.209 42.7% 30.5% 18.5% 57.3% 69.5% 81.5% 
6 H-ECC002 0.299 0.242 0.173 49.3% 32.4% 10.7% 50.7% 67.6% 89.3% 
7 HSP000 0.315 0.274 0.196 48.6% 32.3% 10.2% 51.4% 67.7% 89.8% 
8 HSP090 0.261 0.219 0.180 46.5% 30.4% 18.7% 53.5% 69.6% 81.3% 
9 PTS315 0.337 0.279 0.199 50.5% 33.6% 10.6% 49.5% 66.4% 89.4% 
10 RRS318 0.304 0.249 0.179 51.9% 35.7% 18.4% 48.1% 64.3% 81.6% 
11 SCE288 0.336 0.261 0.182 52.6% 33.6% 11.8% 47.4% 66.4% 88.2% 
12 TCU042-E 0.259 0.228 0.199 41.6% 28.2% 20.1% 58.4% 71.8% 79.9% 
13 TCU055-N 0.292 0.246 0.179 45.0% 32.3% 10.7% 55.0% 67.7% 89.3% 
14 YER360 0.260 0.217 0.179 48.0% 29.6% 18.7% 52.0% 70.4% 81.3% 
Mean 0.290 0.243 0.189 46.9% 31.2% 15.3% 53.1% 68.8% 84.7% 
COV 0.11 0.08 0.07 0.08 0.08 0.25 0.07 0.04 0.04 





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Table 9.51 DBF story shear forces at times of peak story drifts of D75V structure in 
RTHS with MCE ground motions 
EQ. 
ID. 
Ground motion 
records 
DBF story shear force 
(Normalized by  
Ws=3603 kN) 
DBF column shear force 
contribution 
Damper force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-IVW360 0.210 0.177 0.163 45.1% 30.3% 19.0% 54.9% 69.7% 81.0% 
2 CWC270 0.213 0.176 0.153 47.5% 29.7% 19.7% 52.5% 70.3% 80.3% 
3 H-BRA315 0.271 0.208 0.180 55.2% 37.1% 26.4% 44.8% 62.9% 73.6% 
4 H-DLT352 0.237 0.185 0.159 50.5% 32.7% 21.9% 49.5% 67.3% 78.1% 
5 H-E03140 0.254 0.211 0.194 48.0% 34.4% 24.8% 52.0% 65.6% 75.2% 
6 HSP000 0.256 0.213 0.176 53.6% 33.8% 25.4% 46.4% 66.2% 74.6% 
7 HSP090 0.238 0.206 0.179 52.8% 36.4% 27.5% 47.2% 63.6% 72.5% 
8 PTS315 0.271 0.223 0.189 52.8% 35.1% 27.1% 47.2% 64.9% 72.9% 
9 RRS318 0.275 0.208 0.177 53.2% 35.8% 25.1% 46.8% 64.2% 74.9% 
10 SCE288 0.304 0.235 0.189 56.8% 39.3% 30.7% 43.2% 60.7% 69.3% 
11 STG000 0.276 0.230 0.203 50.6% 35.4% 30.8% 49.4% 64.6% 69.2% 
12 TCU042-E 0.217 0.195 0.180 44.4% 32.8% 24.1% 55.6% 67.2% 75.9% 
13 TCU055-N 0.247 0.211 0.175 49.9% 35.6% 21.9% 50.1% 64.4% 78.1% 
14 YER360 0.245 0.207 0.169 53.7% 37.3% 25.0% 46.3% 62.7% 75.0% 
Mean 0.251 0.206 0.178 51.0% 34.7% 25.0% 49.0% 65.3% 75.0% 
COV 0.11 0.09 0.08 0.07 0.08 0.14 0.08 0.04 0.05 



Table 9.52 DBF story shear forces at times of peak story drifts of D60V structure in 
RTHS with MCE ground motions 
EQ. 
ID. 
Ground motion 
records 
DBF story shear force 
(Normalized by  
Ws=4504 kN) 
DBF column shear force 
contribution 
Damper force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 CWC270 0.186 0.148 0.134 53.2% 33.7% 25.1% 46.8% 66.3% 74.9% 
2 DZC270 0.196 0.171 0.174 49.6% 34.6% 35.9% 50.4% 65.4% 64.1% 
3 H-BRA315 0.217 0.182 0.159 55.7% 39.8% 30.5% 44.3% 60.2% 69.5% 
4 H-DLT352 0.215 0.164 0.139 56.0% 38.8% 29.1% 44.0% 61.2% 70.9% 
5 NORTHR-5082-235 0.243 0.196 0.168 56.8% 40.7% 34.0% 43.2% 59.3% 66.0% 
6 RRS318 0.226 0.175 0.156 52.7% 36.0% 28.4% 47.3% 64.0% 71.6% 
7 TCU055-N 0.215 0.176 0.158 52.0% 34.8% 29.5% 48.0% 65.2% 70.5% 
Mean 0.214 0.173 0.155 53.7% 36.9% 30.4% 46.3% 63.1% 69.6% 
COV 0.09 0.09 0.09 0.05 0.08 0.12 0.06 0.04 0.05 




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Table 9.53 Mean stiffness of damper force-story drift hysteresis loops in RTHS with 
MCE ground motions 
Story 
level 
D100V structure 
Kdamper  
(×103 kN/m) 
D75V structure 
 Kdamper  
(×103 kN/m) 
D60V structure 
 Kdamper  
(×103 kN/m) 
D75V / 
D100V 
D60V / 
D100V 
Mean COV Mean COV Mean COV 
1 8.1 0.19 6.3 0.13 5.4 0.10 0.77 0.67 
2 9.6 0.16 7.1 0.13 6.1 0.12 0.74 0.64 
3 12.5 0.19 8.9 0.12 6.6 0.06 0.72 0.53 




Table 9.54 MRF+DBF story shear forces and contributions from MRF and DBF of 
D100V structure in RTHS with MCE ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF+DBF story shear 
force (normalized by 
Ws=2702 kN) 
MRF story shear force 
contribution 
DBF story shear force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-IVW360 0.449 0.360 0.209 44.0% 39.2% 15.4% 56.0% 60.8% 84.6% 
2 CWC270 0.442 0.380 0.227 45.0% 40.7% 20.0% 55.0% 59.3% 80.0% 
3 DZC270 0.505 0.392 0.231 44.1% 40.5% 17.0% 55.9% 59.5% 83.0% 
4 H-BRA315 0.562 0.443 0.273 41.9% 42.1% 20.5% 58.1% 57.9% 79.5% 
5 H-E03140 0.520 0.418 0.251 42.4% 39.3% 16.6% 57.6% 60.7% 83.4% 
6 H-ECC002 0.540 0.396 0.213 44.6% 38.8% 18.7% 55.4% 61.2% 81.2% 
7 HSP000 0.547 0.453 0.242 42.5% 39.6% 18.9% 57.5% 60.4% 81.1% 
8 HSP090 0.481 0.371 0.216 45.8% 40.9% 16.8% 54.2% 59.1% 83.2% 
9 PTS315 0.581 0.467 0.242 42.1% 40.3% 17.8% 57.9% 59.7% 82.2% 
10 RRS318 0.552 0.413 0.225 44.9% 39.7% 20.4% 55.1% 60.3% 79.6% 
11 SCE288 0.578 0.439 0.229 41.9% 40.6% 20.5% 58.1% 59.4% 79.5% 
12 TCU042-E 0.461 0.382 0.236 43.8% 40.4% 15.7% 56.2% 59.6% 84.3% 
13 TCU055-N 0.521 0.412 0.217 43.9% 40.3% 17.5% 56.1% 59.7% 82.5% 
14 YER360 0.482 0.373 0.224 46.1% 41.8% 20.3% 53.9% 58.2% 79.7% 
Mean 0.516 0.407 0.231 43.8% 40.3% 18.3% 56.2% 59.7% 81.7% 
COV 0.09 0.08 0.07 0.03 0.02 0.10 0.03 0.02 0.02 










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Table 9.55 MRF+DBF story shear forces and contributions from MRF and DBF of D75V 
structure in RTHS with MCE level ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF+DBF story shear 
force (normalized by 
Ws=3603 kN) 
MRF story shear force 
contribution 
DBF story shear force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 B-IVW360 0.378 0.300 0.203 44.3% 40.9% 19.4% 55.7% 59.1% 80.6% 
2 CWC270 0.382 0.305 0.201 44.2% 42.2% 24.1% 55.7% 57.8% 75.9% 
3 H-BRA315 0.453 0.371 0.232 40.1% 43.9% 22.4% 59.9% 56.1% 77.6% 
4 H-DLT352 0.417 0.315 0.204 43.1% 41.3% 22.2% 56.9% 58.7% 77.8% 
5 H-E03140 0.446 0.352 0.244 42.9% 40.2% 20.7% 57.1% 59.8% 79.3% 
6 HSP000 0.437 0.355 0.216 41.4% 40.0% 18.3% 58.6% 60.0% 81.7% 
7 HSP090 0.425 0.348 0.217 43.9% 40.6% 17.5% 56.1% 59.4% 82.5% 
8 PTS315 0.458 0.378 0.224 40.9% 41.0% 15.9% 59.1% 59.0% 84.1% 
9 RRS318 0.467 0.347 0.227 41.1% 40.1% 22.1% 58.9% 59.9% 77.9% 
10 SCE288 0.493 0.395 0.234 38.3% 40.6% 19.1% 61.7% 59.4% 80.9% 
11 STG000 0.478 0.389 0.254 42.3% 40.8% 19.7% 57.7% 59.2% 80.3% 
12 TCU042-E 0.394 0.327 0.215 45.0% 40.4% 16.4% 55.0% 59.6% 83.6% 
13 TCU055-N 0.434 0.360 0.215 43.1% 41.3% 18.6% 56.9% 58.7% 81.4% 
14 YER360 0.433 0.357 0.214 43.3% 42.0% 21.0% 56.7% 58.0% 79.0% 
Mean 0.435 0.350 0.221 42.4% 41.1% 19.8% 57.6% 58.9% 80.2% 
COV 0.08 0.08 0.07 0.04 0.03 0.12 0.03 0.02 0.03 



Table 9.56 MRF+DBF story shear forces and contributions from MRF and DBF of D60V 
structure in RTHS with MCE level ground motions 
EQ. 
ID. 
Ground motion 
records 
MRF+DBF story shear 
force (normalized by 
Ws=4504 kN) 
MRF story shear force 
contribution 
DBF story shear force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
1 CWC270 0.330 0.264 0.181 43.8% 44.1% 25.9% 56.2% 55.9% 74.1% 
2 DZC270 0.350 0.287 0.217 43.9% 40.4% 19.8% 56.1% 59.6% 80.2% 
3 H-BRA315 0.365 0.322 0.206 40.6% 43.6% 22.7% 59.4% 56.4% 77.3% 
4 H-DLT352 0.360 0.277 0.180 40.3% 40.8% 22.9% 59.7% 59.2% 77.1% 
5 NORTHR-5082-235 0.408 0.342 0.223 40.5% 42.7% 25.0% 59.6% 57.3% 75.0% 
6 RRS318 0.383 0.294 0.202 41.1% 40.4% 22.8% 58.9% 59.6% 77.2% 
7 TCU055-N 0.376 0.302 0.196 42.8% 41.9% 19.5% 57.2% 58.1% 80.5% 
Mean 0.368 0.298 0.201 41.9% 42.0% 22.7% 58.1% 58.0% 77.3% 
COV 0.07 0.09 0.08 0.04 0.04 0.10 0.03 0.03 0.03 




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Table 9.57 Estimated natural frequency and damping ratio of test structures in RTHS 
with MCE ground motions 
Structure Natural frequency (1st mode, Hz) 
Equivalent damping ratio, ξe 
(1st mode, %) 
D100V 1.63 
 
37 
 D75V 1.35 
 
31 
 D60V 1.19 
 
31 
 




































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Figure 9.1 Probability of exceedance for peak story drift ratio of D100V structure in 
RTHS with FOE ground motions 

 
Figure 9.2 Probability of exceedance for peak story drift ratio of D75V structure in RTHS 
with FOE ground motions 

 
Figure 9.3 Probability of exceedance for peak story drift ratio of D60V structure in RTHS 
with FOE ground motions 
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Figure 9.4 Floor acceleration response spectra of D100V structure in RTHS with FOE 
ground motions 


 
Figure 9.5 Floor acceleration response spectra of D75V structure in RTHS with FOE 
ground motions 



Figure 9.6 Floor acceleration response spectra of D60V structure in RTHS with FOE 
ground motions 
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Figure 9.7 Damper force versus damper deformation and damper force versus story drift 
response of D100V structure in RTHS with FOE ground motion record BRS000 



Figure 9.8 Damper force versus damper deformation and damper force versus story drift 
response of D75V structure in RTHS with FOE ground motion record BRS000 



Figure 9.9 Damper force versus damper deformation and damper force versus story drift 
response of D60V structure in RTHS with FOE ground motion record BRS000 
 
 
 
-15 -10 -5 0 5 10 15
-600
-400
-200
0
200
400
600
Deformation(mm)
D
am
pe
r 
fo
rc
e
(kN
)
1st story 
 
 
Damper force-Damper deformation Damper force-Story drift
-15 -10 -5 0 5 10 15
-600
-400
-200
0
200
400
600
Deformation(mm)
D
a
m
pe
r 
fo
rc
e
(kN
)
2nd story 
 
 
-15 -10 -5 0 5 10 15
-600
-400
-200
0
200
400
600
Deformation(mm)
D
a
m
pe
r 
fo
rc
e
(kN
)
3rd story 
 
 
-15 -10 -5 0 5 10 15
-600
-400
-200
0
200
400
600
Deformation(mm)
 
D
a
m
pe
r 
fo
rc
e
(kN
)
1st story
 
 
Damper force-Damper deformation Damper force-Story drift
-15 -10 -5 0 5 10 15
-600
-400
-200
0
200
400
600
Deformation(mm)
 
D
a
m
pe
r 
fo
rc
e
(kN
)
2nd story
 
 
-15 -10 -5 0 5 10 15
-600
-400
-200
0
200
400
600
Deformation(mm)
D
a
m
pe
r 
fo
rc
e
(kN
)
3rd story 
 
 
-15 -10 -5 0 5 10 15
-600
-400
-200
0
200
400
600
Deformation(mm)
D
a
m
pe
r 
fo
rc
e
(kN
)
1st story 
 
 
Damper force-Damper deformation Damper force-Story drift
-20 -15 -10 -5 0 5 10 15
-600
-400
-200
0
200
400
600
Deformation(mm)
D
a
m
pe
r 
fo
rc
e
(kN
)
2nd story 
 
 
-15 -10 -5 0 5 10 15
-600
-400
-200
0
200
400
600
Deformation(mm)
D
a
m
pe
r 
fo
rc
e
(kN
)
3rd story 
 
 
 397


Figure 9.10 Axial force versus bending moment response of first story columns of 
D100V structure in RTHS with FOE ground motion record BRS000: (a) MRF; (b) DBF 


 
Figure 9.11 Axial force versus bending moment response of first story columns of D75V 
structure in RTHS with FOE ground motion record BRS000: (a) MRF; (b) DBF 

 

Figure 9.12 Axial force versus bending moment response of first story columns of D60V 
structure in RTHS with FOE ground motion record BRS000: (a) MRF; (b) DBF 
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Figure 9.13 DBF story shear force of D100V structure in RTHS with FOE ground motion 
record BRS000 (Ws=2702 kN) 



Figure 9.14 DBF story shear force of D75V structure in RTHS with FOE ground motion 
record BRS000 (Ws=3603 kN) 



Figure 9.15 DBF story shear force of D60V structure in RTHS with FOE ground motion 
record BRS000 (Ws=4504 kN) 
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Figure 9.16 Force-story drift relationship of DBF 


 
Figure 9.17 Story shear force of D100V structure in RTHS with FOE ground motion 
record BRS000 (Ws=2702 kN) 


 
Figure 9.18 Story shear force of D75V structure in RTHS with FOE ground motion 
record BRS000 (Ws=3603 kN) 
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Figure 9.19 Story shear force of D60V structure in RTHS with FOE ground motion 
record BRS000 (Ws=4504 kN) 


 
Figure 9.20 Story shear force-story drift relationship of test structure 





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Figure 9.21 Amplitude of mean FRF between ground motion acceleration and total floor 
acceleration of test structures in RTHS with FOE ground motions: (a) D100V structure; 
(b) D75V structure; (c) D60V structure 




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Figure 9.22 Probability of exceedance for peak story drift ratio of D100V structure in 
RTHS with DBE ground motions 

 
Figure 9.23 Probability of exceedance for peak story drift ratio of D75V structure in 
RTHS with DBE ground motions 

 
Figure 9.24 Probability of exceedance for peak story drift ratio of D60V structure in 
RTHS with DBE ground motions 
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Figure 9.25 Floor acceleration response spectra of D100V structure in RTHS with DBE 
ground motion 


 
Figure 9.26 Floor acceleration response spectra of D75V structure in RTHS with DBE 
ground motion 


 
Figure 9.27 Floor acceleration response spectra of D60V structure in RTHS with DBE 
ground motion 






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Figure 9.28 Damper force versus damper deformation and damper force versus story drift 
response of D100V structure in RTHS with DBE ground motion record PTS315 




Figure 9.29 Damper force versus damper deformation and damper force versus story drift 
response of D75V structure in RTHS with DBE ground motion record PTS315 




Figure 9.30 Damper force versus damper deformation and damper force versus story drift 
response of D60V structure in RTHS with DBE ground motion record PTS315 
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Figure 9.31 Axial force versus bending moment response of first story columns of 
D100V structure in RTHS with DBE ground motion record PTS315: (a) MRF; (b) DBF 

 
 
Figure 9.32 Axial force versus bending moment response of first story columns of D75V 
structure in RTHS with DBE ground motion record PTS315: (a) MRF; (b) DBF 

 

Figure 9.33Axial force versus bending moment response of first story columns of D60V 
structure in RTHS with DBE ground motion record PTS315: (a) MRF; (b) DBF 
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
Figure 9.34 DBF story shear force of D100V structure in RTHS with DBE ground 
motion record PTS315 (Ws=2702 kN) 



Figure 9.35 DBF story shear force of D75V structure in RTHS with DBE ground motion 
record PTS315 (Ws=3603 kN) 



Figure 9.36 DBF story shear force of D60V structure in RTHS with DBE ground motion 
record PTS315 (Ws=4504 kN) 
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Figure 9.37 Story shear force of D100V structure in RTHS with DBE ground motion 
record PTS315 (Ws=2702 kN) 



Figure 9.38 Story shear force of D75V structure in RTHS with DBE ground motion 
record PTS315 (Ws=3603 kN) 



Figure 9.39 Story shear force of D60V structure in RTHS with DBE ground motion 
record PTS315 (Ws=4504 kN) 
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Figure 9.40 Amplitude of mean FRF between ground motion acceleration and total floor 
acceleration response of test structures in RTHS with DBE ground motions: (a) D100V 
structure; (b) D75V structure; (c) D60V structure 
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Figure 9.41 Probability of exceedance for peak story drift ratio of D100V structure in 
RTHS with MCE ground motions 

  
Figure 9.42 Probability of exceedance for peak story drift ratio of D75V structure in 
RTHS with MCE ground motions 

  
Figure 9.43 Probability of exceedance for peak story drift ratio of D60V structure in 
RTHS with MCE ground motions 
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Figure 9.44 Floor acceleration response spectra of D100V structure in RTHS with MCE 
ground motions 



Figure 9.45 Floor acceleration response spectra of D75V structure in RTHS with MCE 
ground motions 



Figure 9.46 Floor acceleration response spectra of D60V structure in RTHS with MCE 
ground motions 
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Figure 9.47 Damper force versus damper deformation and damper force versus story drift 
response of D100V structure in RTHS with MCE ground motion record H-BRA315 
 
 
 
Figure 9.48 Damper force versus damper deformation and damper force versus story drift 
response of D75V structure in RTHS with MCE ground motion record H-BRA315 
 
 
 
Figure 9.49 Damper force versus damper deformation and damper force versus story drift 
response of D60V structure in RTHS with MCE ground motion record H-BRA315 
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
Figure 9.50 Axial force versus bending moment response of first story columns of 
D100V structure in RTHS with MCE ground motion record H-BRA315: (a) MRF; (b) 
DBF 

 
 
Figure 9.51 Axial force versus bending moment response of first story columns of D75V 
structure in RTHS with MCE ground motion record H-BRA315: (a) MRF; (b) DBF 

 

Figure 9.52 Axial force versus bending moment response of first story columns of D60V 
structure in RTHS with MCE ground motion record H-BRA315: (a) MRF; (b) DBF 
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Figure 9.53 DBF story shear force of D100V structure in RTHS with MCE ground 
motion record H-BRA315 (Ws=2702 kN) 


 
Figure 9.54 DBF story shear force of D75V structure in RTHS with MCE ground motion 
record H-BRA315 (Ws=3603 kN) 


 
Figure 9.55 DBF story shear force of D60V structure in RTHS with MCE ground motion 
record H-BRA315 (Ws=4504 kN) 
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Figure 9.56 Story shear force of D100V structure in RTHS with MCE ground motion 
record H-BRA315 (Ws=2702 kN) 
 
 
 
Figure 9.57 Story shear force of D75V structure in RTHS with MCE ground motion 
record H-BRA315 (Ws=3603 kN) 
 
 
 
Figure 9.58 Story shear force of D60V structure in RTHS with MCE ground motion 
record H-BRA315 (Ws=4504 kN) 
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Figure 9.59 Amplitude of mean FRF between ground motion acceleration and total floor 
acceleration response of test structures in RTHS with MCE ground motions: (a) D100V 
structure; (b) D75V structure; (c) D60V structure 
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Chapter 10  
Seismic Response and Performance of Structures with Nonlinear Viscous Dampers 
in Phase-2 RTHS   
 
10.1 General 
This chapter presents the seismic response and performance of the test structures 
from the Phase-2 real-time hybrid earthquake simulations (RTHS). In the Phase-2 RTHS, 
the experimental substructure includes a single-bay MRF and a single-bay DBF, and the 
analytical substructure includes the gravity system and seismic mass tributary to the MRF 
and DBF as well as the model for the inherent damping of the prototype building. RTHS 
with ground motions at the frequently occurring earthquake (FOE), design basis 
earthquake (DBE), maximum considered earthquake (MCE), and beyond MCE hazard 
levels were conducted sequentially to continuously increase the level of damage in the 
experimental substructure. Comparisons between the Phase-1 RTHS (as presented in 
Chapter 9) and Phase-2 RTHS responses are made. 
 
10.2 Matrix for Phase-2 RTHS 
Unlike the Phase-1 RTHS where the MRF was included in the analytical 
substructure and numerous simulations were conducted without accumulating damage in 
the MRF, the Phase-2 RTHS included the MRF in the experimental substructure, 
resulting in damage accumulation in the RTHS. Therefore, a limited number of RTHS 
were planned for the test structures in the Phase-2 RTHS. Table 10.1 presents the matrix 
for the Phase-2 RTHS with the sequence of RTHS as follows:  
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(1) The 1st simulation was a FOE level RTHS with ground motion record H-E03140 
applied to the D100V structure. The D100V structure was expected to be fully 
elastic in the FOE level RTHS.  
(2) The 2nd and 3rd simulations were DBE level RTHS with ground motion records 
HECTOR-11625090 and RRS318 applied to the D100V structure. The D100V 
structure was expected to be nearly elastic in the DBE level RTHS. 
(3) The 4th simulation was a MCE level RTHS with ground motion record RRS318 
applied to the D100V structure. The 5th and 6th simulations were DBE level RTHS 
with ground motion record RRS318 applied to the D75V and D60 structures. 
Yielding was expected to occur in the D100V structure in the MCE level RTHS. 
The 5th and 6th RTHS investigated the seismic response of the test structures with 
reduced base shear design strength in the RTHS using the same ground motion.  
(4) For the final simulations, the D60V structure was subjected sequentially to RTHS 
with ground motion record H-BRA315 at the DBE, MCE, and beyond MCE (i.e., 
1.2MCE and 1.4MCE) hazard levels, respectively. 
 
10.3 Response of Test Structures in Phase-2 RTHS 
10.3.1 Response of D100V Structure in FOE, DBE, and MCE Level RTHS  
10.3.1.1 Global Response 
The response of the D100V structure in the FOE, DBE, and MCE levels RTHS 
are presented in this section. The ground motion record H-E03140 from the 1979 
Imperial Valley earthquake was used for the FOE level RTHS, the record HECTOR-
11625090 from the 1999 Hector Mine earthquake was used for the DBE level RTHS, and 
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the record RRS318 from the 1994 Northridge earthquake was used for the MCE level 
RTHS.   
Figure 10.1 through Figure 10.3 show the floor displacement, floor velocity, and 
total floor acceleration time history response of the experimental substructure (i.e., MRF 
and DBF) in the FOE level RTHS. Figure 10.4 through Figure 10.6 show the floor 
displacement, floor velocity, and total floor acceleration time history response of the 
experimental substructure in the DBE level RTHS. Figure 10.7 through Figure 10.9 show 
the floor displacement, floor velocity, and total floor acceleration time history response of 
the experimental substructure in the MCE level RTHS. In the figures, the floor velocity 
was obtained by differentiating the floor displacement of the experimental substructure, 
and the total floor acceleration was obtained as the sum of the ground motion acceleration 
and the floor acceleration obtained by second order differentiating the floor displacement 
of the experimental substructure. Table 10.2 summarizes the peak floor displacements, 
peak floor velocities, and peak floor accelerations of the D100V structure in the RTHS. 
Table 10.3 presents the peak story drift ratio and residual story drift ratio of the D100V 
structure in the RTHS.  
The maximum peak story drift ratio is 0.32%, 0.75%, and 1.43% radians for the 
D100V structure in the RTHS with the FOE, DBE, and MCE level ground motion, 
respectively. Barely any residual story drifts were left at the end of the FOE and DBE 
levels RTHS, which indicates the D100V structure was essentially elastic in the FOE and 
DBE levels RTHS. The D100V structure has a small residual story drift ratio of 0.05%, 
0.07%, and 0.02% radians for the first, second, and third story, respectively, in the MCE 
level RTHS, which indicates the D100V structure responded nearly elastic in the MCE 
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level RTHS. According to ASCE 41-06, the D100V structure achieved the enhanced 
seismic performances, with essentially elastic response for the “Operational” 
performance level (negligible damage for both structural and nonstructural components) 
under the FOE, and with the maximum peak story drift ratios satisfy the “Immediate 
Occupancy” performance level story drift ratio limit (i.e., 0.7% rad) under the DBE, and 
the “Life Safety” performance level story drift ratio limit (i.e., 2.5% rad) under the MCE. 
The maximum peak floor velocity is 0.165, 0.440, and 0.483% m/s for the D100V 
structure in the FOE, DBE, and MCE level RTHS, respectively. The maximum peak 
floor acceleration is 0.255g, 0.445g, and 0.663g for the D100V structure in the FOE, 
DBE, and MCE level RTHS, respectively. 
 
10.3.1.2 MRF Response 
Figure 10.10 through Figure10.12 show the bending moment versus rotation 
response of the first story MRF columns in the FOE, DBE, and MCE levels RTHS. The 
peak column rotation is 0.20%, 0.45%, and 0.85% radians in the FOE, DBE, and MCE 
levels RTHS, respectively. The nearly linear relationship between the bending moment 
and rotation of the columns in the FOE, DBE, and MCE levels RTHS indicate the MRF 
columns of the D100V structure responded elastically in the RTHS. Figure 10.13 shows 
the whitewash on MRF columns flanges kept intact, which is a clear indication that the 
first story MRF columns remained elastic even in the MCE level RTHS. 
Figure 10.14 through Figure 10.16 show the bending moment versus rotation 
response of the RBS of the D100V structure in the FOE, DBE, and MCE levels RTHS. 
For the FOE level RTHS, the RBS have peak rotation of 0.09%, 0.06%, and 0.04% 
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radians for the first, second, and third floor, respectively. For the DBE level RTHS, the 
RBS have peak rotation of 0.21%, 0.17%, and 0.11% radians for the first, second, and 
third floor, respectively. And for the MCE level RTHS, the RBS have peak rotation of 
0.76%, 0.29%, and 0.25% radians for the first, second, and third floor, respectively. The 
nearly linear relationship with trivial hysteresis between the bending moment and rotation 
can be observed for the RBS in the FOE and DBE levels RTHS, which indicates the RBS 
responded elastically under the FOE and DBE. Obvious hysteresis loops between the 
bending moment and rotation can be observed for the first floor RBS of the D100V 
structure in the MCE level RTHS, which indicates yielding occurred in the RBS under 
the MCE. Figure 10.17 shows the photographs of the RBS of the D100V structure after 
the MCE level RTHS. For the RBS of the first floor beam (Figure 10.17(a) (b)), the slight 
spalling of the whitewash indicates minor yielding occurred in the flanges of the RBS; for 
the RBS of the second floor beam (Figure 10.17(c) (d)) and RBS of the third floor beam 
(Figure 10.17(e) (f)), yielding was not shown as the whitewash on the RBS remained 
clean and intact.  
Figure 10.18 through Figure 10.20 show the panel zone shear force versus panel 
zone shear deformation response for the MRF beam-to-column connections of the 
D100V structure in each level RTHS. The peak panel zone shear forces are less than the 
design strength of the panel zones which is 1427 kN for the panel zones of the first and 
second floors and 1292 kN for the panel zones of the third floor. The nearly linear 
relationship between the panel zone shear force and panel zone shear deformation 
indicates the panel zones of the MRF beam-to-column connections of the D100V 
structure responded elastically in the FOE, DBE, and MCE levels RTHS. 
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10.3.1.3 DBF Response 
Figure 10.21 through Figure 10.23 show the damper force versus damper 
deformation and damper force versus story drift hysteresis loops of the D100V structure 
in the FOE, DBE, and MCE levels RTHS. The maximum peak damper force is 217, 402, 
and 423 kN, which is 36%, 67%, and 70% of the nominal damper force capacity (i.e., 600 
kN) in the FOE, DBE, and MCE level RTHS, respectively. Differences can be noticed 
between the damper force versus damper deformation hysteresis loops and damper force 
versus story drift hysteresis loops in that the peak damper deformations are smaller than 
the peak story drifts and the damper force versus story drift hysteresis loops are obviously 
inclined from the damper force versus damper deformation hysterias loops, which 
indicates elastic flexibility exists within the force path from the dampers to the seismic 
mass degrees of freedom (DOF) of the structure. As described in Chapter 9, this elastic 
flexibility together with the nonlinearity of the damper causes the damper forces to be 
partially in phase with the story drifts, i.e., the damper forces are significant at the time 
when the story drifts are at their peak values.  
Figure 10.24 through Figure 10.26 show the story shear force versus story drift 
response in the DBF of the D100V structure in the FOE, DBE, and MCE levels RTHS. 
Also included in the figures are the damper force and column shear force versus story 
drift responses. The forces plotted in the figures are normalized by the seismic weight 
(Ws=2702 kN) of the structure. The nearly linear relationship between the column shear 
forces and story drifts indicates the column shear forces are in phase with the story drifts. 
The inclined hysteresis relationship between the damper forces and story drift indicates 
the damper forces are partially in phase with the story drifts. The in-phase portion of 
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damper forces and the shear forces in the DBF columns produce total DBF story shear 
forces that are much larger than the column shear forces, which suggest the damper 
forces contribute significantly to the DBF story shear forces at the times of peak story 
drifts. 
Table 10.4 summarizes the DBF story shear forces at the time of peak story drifts 
and the corresponding distributions between the DBF column shear forces and damper 
forces. For the FOE level RTHS, the contribution of the in-phase portion of damper force 
to the total DBF story shear force at the time of peak story drift is 59%, 76%, and 82% 
for the first, second, and third story respectively. For the DBE level RTHS, the 
contribution of the in-phase portion of damper force to the total DBF story shear at the 
time of peak story drift is 38%, 69%, and 83% for the first, second, and third story 
respectively. For the MCE level RTHS, the contribution of the in-phase portion of 
damper force to the total DBF story shear at the time of peak story drift is 34%, 54%, and 
74% for the first, second, and third story respectively. Overall, the damper forces 
contribute significantly to the DBF story shear forces at the times of peak story drifts for 
each test structure. Comparatively, the contribution of damper force to the total DBF 
story shear is greater under the FOE than under the DBE and MCE, and is larger for the 
third story than for the first and second stories for each hazard level. As described in 
Chapter 9, the partially in-phase behavior of the damper force with the story drift adds in-
phase story stiffness, Kdamper, to the total story stiffness of the DBF, KDBF. The KDBF and 
Kdamper can be obtained as the ratio of the total DBF story shear force and damper force at 
the time of peak story drift over the peak story drift, respectively. Table 10.5 summarizes 
the estimated Kdamper for the damper force versus story drift hysteresis loops in each level 
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RTHS. As can be seen, the D100V structure has a larger Kdamper under the FOE than 
under the DBE and MCE, which indicates the in-phase behavior of the damper force with 
the story drift is more pronounced under lower intensity level ground motions.  
Figure 10.27 through Figure 10.29 show the story shear force versus story drift 
response of the D100V structure in the FOE, DBE, and MCE levels RTHS. The MRF 
story shear forces, the DBF story shear forces, and the sum of the MRF and DBF story 
shear forces (MRF+DBF) shown in the figures are normalized by the seismic weight 
(Ws=2702 kN) of the structure.  Table 10.6 summarizes the MRF+DBF story shear 
forces at the times of peak story drifts and the corresponding distributions between the 
MRF story shear forces and the DBF story shear forces. For the FOE level RTHS, the 
DBF story shear force contributes 42%, 68%, and 85% of the MRF+DBF story shear 
force in the first, second, and third story respectively. For the DBE level RTHS, the DBF 
story shear force contributes 41%, 58%, and 78% of the MRF+DBF story shear force in 
the first, second, and third story respectively. For the MCE level RTHS, the DBF story 
shear force contributes 43%, 57%, and 70% of the MRF+DBF story shear force in the 
first, second, and third story respectively. These results indicate that contributions of the 
DBF story shear forces to the total MRF+DBF story shear forces at the times of peak 
story drifts are significant, especially for the second and third stories of the test structure.  
 
10.3.2 Response of D100V, D75V, and D60V Structure in DBE Level RTHS 
10.3.2.1 Global Response 
The response of the D100V, D75V, and the D60V structures from the DBE level 
RTHS are presented in this section. The ground motion record RRS318 from the 1994 
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Northridge earthquake was used for the RTHS. The scale factor for this record to the 
DBE is 0.66. Figure 10.30 through Figure 10.38 show the floor displacement, floor 
velocity, and floor acceleration time history response of the experimental substructure 
(i.e., MRF and DBF) from the RTHS. In the figures, the floor velocity was obtained by 
differentiating the floor displacement of the experimental substructure, and the total floor 
acceleration was obtained as the sum of the ground motion acceleration and the floor 
acceleration obtained by second order differentiating the floor displacement of the 
experimental substructure. 
Table 10.7 presents the peak floor displacements, peak floor velocities, and peak 
floor accelerations of the D100V, D75V, and D60V structures in the RTHS. Table 10.8 
presents the peak story drift ratios and residual story drift ratios of the test structures in 
the RTHS. The D100V structure has peak story drift ratio of 0.78%, 0.81%, and 0.54% 
radians for the first, second, and third story, respectively; the D75V structure has peak 
story drift ratio of 1.01%, 1.05%, and 0.76% radians for the first, second, and third story, 
respectively; and the D60V structure has peak story drift ratio of 1.13%, 1.19%, and 0.95% 
radians for the first, second, and third story, respectively. The increase of the maximum 
peak story drift ratio (i.e., the peak story drift ratio for the second story) from the D100V 
structure to the D75V and D60V structures are 30% and 47%, respectively. The increases 
in maximum peak story drift ratio are slightly larger than the 25% and 40% reduction of 
base shear design strength for the D75V and D60V structures. The residual story drift 
ratios are smaller than 0.03% radians for all three structures. According to ASCE 41-06, 
the D100V, D75V, and D60V structures achieved an enhanced seismic performance with 
maximum peak story drifts satisfy a performance level story drift limit between the 
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“Immediate Occupancy” performance level story drift ratio limit (i.e., 0.7% rad) and the 
“Life Safety” performance level story drift ratio limit (i.e., 2.5% rad) under the DBE. 
The D100V structure has peak floor velocity of 0.147, 0.272 and 0.343 m/s for the 
first, second, and third floor, respectively; the D75V structure has peak floor velocity of 
0.165, 0.291, and 0.340 m/s for the first, second, and third floor, respectively; and the 
D60V structure has peak floor velocity of 0.196, 0.351, and 0.410 m/s for the first, 
second, and third floor, respectively. The increase of peak floor velocity is 12%, 7%, and 
-1% from the D100V to D75V structure, and is 33%, 29%, and 20% from the D100V to 
D60V structure, for the first, second, and third floor, respectively. The increases of peak 
floor velocities are smaller than the increases of the maximum peak story drifts.  
The D100V structure has peak total floor acceleration of 0.407g, 0.445g, and 
0.463g for the first, second, and third floor, respectively; the D75V structure has peak 
total floor acceleration of 0.397g, 0.409g, and 0.445g for the first, second, and third floor, 
respectively; and the D60V structure has peak total floor acceleration of 0.376g, 0.385g, 
and 0.441g for the first, second, and third floor, respectively. Overall, the D60V structure 
has smaller peak floor accelerations than the D100V and D75V structures for the first and 
second floors, and has similar peak floor acceleration as the D100V and D75V structures 
for the third floor.  
 
10.3.2.2 MRF Response 
Figure 10.39 shows the bending moment versus rotation response of the first story 
MRF columns of each test structure. The peak column rotation is 0.52%, 0.68%, and 0.75% 
radians for the D100V, D75V, and D60V structure, respectively. The nearly linear 
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relationship between the bending moment and rotation indicates the MRF columns of 
each test structure remained elastic in the DBE level RTHS. Figure 10.40 shows the 
photographs for the MRF columns of the D60V structure after the RTHS. As can be seen, 
the whitewash on the column flanges remained intact, which indicates the MRF columns 
of each test structure remained elastic in the DBE level RTHS.   
Figure 10.41 shows the bending moment versus rotation response of the RBS of 
each test structure. The D100V structure has peak RBS rotation of 0.25%, 0.14%, and 
0.10% radians for the first, second, and third floor, respectively; the D75V structure has 
peak RBS rotation of 0.40%, 0.19%, and 0.14% radians for the first, second, and third 
floor, respectively; and the D60V structure has peak RBS rotation of 0.45%, 0.21%, and 
0.18% radians for the first, second, and third floor, respectively. The nearly linear 
relationship between the bending moment and rotation of the RBS of the second and third 
floors of each test structure indicates the RBS responded elastically in the RTHS.  
Little hysteresis response was observed for the RBS of the first floor of the D75V 
and D60V structures, which indicates yielding occurred in the RBS of the first floor of 
the D75V and D60V structures in the RTHS. Figure 10.42 and Figure 10.43 show the 
photographs for the RBS of the D75V and D60V structure after the RTHS, respectively. 
For the RBS of the first floor, the slight spalling of whitewash on the RBS flanges 
indicates yielding occurred in the flanges of the RBS; for the RBS of the second and third 
floors, yielding was not detected as the whitewash on the RBS remained clean and intact. 
Figure 10.44 plots panel zone shear force versus panel zone shear deformation 
response of the MRF beam-to-column connections of each test structure. The peak panel 
zone shear forces are less than the design strength of the panel zones which is 1427 kN 
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for the panel zone of the first and second floors and 1292 kN for the panel zones of the 
third floor. The nearly linear relationship between the panel zone shear force and panel 
zone shear deformation demonstrates the panel zones of the MRF beam-to-column 
connections of each test structure responded elastically in the DBE level RTHS. 
 
10.3.2.3 DBF Response 
Figure 10.45 shows the hysteresis loops of damper force versus damper 
deformation and damper force versus story drift of each test structure. The D100V 
structure has peak damper force of 333, 326, and 279 kN for the first, second, and third 
story, respectively; the D75V structure has peak damper force of 385, 375, and 356 kN 
for the first, second, and third story, respectively; and the D60V structure has peak 
damper force of 411, 401, and 410 kN for the first, second, and third story, respectively. 
The maximum peak damper force of the D75V and D60V structure is 28% and 47% 
greater than the maximum peak damper force of the D100V structure, respectively. The 
partially in-phase behavior of the damper force with the story drift is observed for the 
damper force versus story drift hysteresis loops in the figures.  
Figure 10.46 shows the story shear force versus story drift responses in the DBF 
of each test structure. Also included in the figures are the damper force versus story drift 
and column shear force versus story drift responses. The forces plotted in the figures are 
normalized by the seismic weight (Ws) of each test structure. Both the nearly linear 
relationship between the column shear forces and the story drifts and the partially in-
phase behavior of the damper forces with the story drifts are observed in Figure 10.46. 
The in-phase portion of damper forces and the column shear forces of the DBF produce 
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the total DBF story shear forces that are much larger than the column shear forces. Table 
10.9 summarizes the DBF story shear forces at the times of peak story drifts and the 
corresponding distributions between the DBF column shear forces and damper forces. 
For the D100V structure, the contribution of the in-phase portion of damper force to the 
total DBF story shear force at the time of peak story drift is 36%, 66%, and 78% in the 
first, second, and third story respectively. For the D75V structure, the contribution of the 
in-phase portion of damper force to the total DBF story shear at the time of peak story 
drift is 38%, 60%, and 73% in the first, second, and third story respectively. For the 
D60V structure, the contribution of the in-phase portion of damper force to the total DBF 
story shear at the time of peak story drift is 33%, 58%, and 71% in the first, second, and 
third story respectively. Comparatively, the contribution of damper force to the total DBF 
story shear is greater for the D100V structure than for the D75V and D60V structures, 
and is greater for the third story than for the first and second stories of each test structure.  
As described in Chapter 9, the partially in-phase behavior of damper force with 
story drift adds in-phase story stiffness, Kdamper, to the total story stiffness of the DBF, 
KDBF. Kdamper can be obtained as the ratio of damper force at the time of peak story drift 
over the peak story drift. Table 10.10 summarizes the estimated Kdamper for the damper 
force versus story drift hysteresis loops of each test structure. For the D100V structure, 
Kdamper is 14360, 15298, and 15417 kN/m for the first, second, and third story, 
respectively; for the D75V structure, Kdamper is 10363, 11220, and 12739 kN/m for the 
first, second, and third story, respectively; and for the D60V structure, Kdamper is 9477, 
9543, and 10777 kN/m for the first, second, and third story, respectively. As can be seen, 
the D100V structure has greater Kdamper than the D75V and D60V structures, which 
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indicates the in-phase behavior of the damper force with the story drift is more 
pronounced in the D100V structure than in the D75V and D60V structures. 
Figure 10.47 shows the story shear force versus story drift responses of each test 
structure. The MRF story shear forces, the DBF story shear forces, and the sum of the 
MRF and DBF story shear forces (MRF+DBF) shown in the figures are normalized by 
the seismic weight (Ws) of each test structure. Table 10.11 summarizes the MRF+DBF 
story shear forces at the time of peak story drifts and the corresponding distributions 
between the MRF story shear forces and the DBF story shear forces. For the D100V 
structure, the contribution of the DBF story shear force to the MRF+DBF story shear 
force at the time of peak story drift is 41%, 59%, and 78% in the first, second, and third 
story, respectively. For the D75V structure, the contribution from the DBF story shear 
force to the MR+FDBF story shear force at the time of peak story drift is 48%, 58%, and 
73% in the first, second, and third story, respectively. For the D60V structure, the 
contribution from the DBF story shear force to the MRF+DBF story shear force at the 
time of peak story drift is 47%, 57%, and 68% in the first, second, and third story, 
respectively. Notably, the contributions of the DBF story shear forces to the total 
MRF+DBF story shear forces of the test structure are significant at the times of peak 
story drifts, especially for the second and third stories of each test structure.  
 
10.3.3 Response of D60V Structure in DBE, MCE, and Extreme MCE Level RTHS    
The response of the D60V structure from the RTHS with the DBE, MCE, and 
beyond MCE (i.e., 1.2MCE and 1.4MCE) hazard level ground motions are presented in 
this section. The 1.2MCE and 1.4MCE corresponds to a hazard level of 1% and 0.5% 
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probability of exceedance in 50 years, respectively. The ground motion record for the 
RTHS is the H-BRA315 record at the Brawley Airport station from the 1979 Imperial 
Valley Earthquake. The scale factor for this record to the DBE, MCE, 1.2MCE, 1.4MCE 
is 1.80, 2.89, 3.45, and 4.86, respectively. 
 
10.3.3.1 Global Response 
Figure 10.48 through Figure 10.59 show the floor displacement, floor velocity, 
and floor acceleration time history responses of the experimental substructure (i.e., MRF 
and DBF) from each level RTHS. In the figures, the floor velocity was obtained by 
differentiating the floor displacement of the experimental substructure, and the total floor 
acceleration was obtained as the sum of the ground motion acceleration and the floor 
acceleration obtained by second order differentiating the floor displacement of the 
experimental substructure. Barely any permanent floor displacements were left at the end 
of the DBE level RTHS. The MCE level RTHS was terminated in the middle of the 
RTHS due to fault of the hydraulic power supply system. Although the significant 
response of the structure was included over the time history that had been carried out, it 
was unable to identify the real permanent floor displacements that would be left if the 
RTHS could be completed thoroughly. Permanent floor displacement of -5.7, -12.2, and -
19.0 mm for the first, second, and third floor, respectively, was remained at the end of the 
1.2MCE level RTHS. Permanent floor displacement of -11.5, -26.9, and -39.2 mm for the 
first, second, and third floor, respectively, was remained at the end of the 1.4MCE level 
RTHS. The negative sign of the permanent floor displacements indicates the 
experimental substructure was deformed in the south direction. 
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Table 10.12 summarizes the peak floor displacements, peak floor velocities, and 
peak floor accelerations of the D60V structure from each level RTHS. The third floor 
(i.e., roof) has the largest peak floor displacement, peak floor acceleration, and peak floor 
acceleration. The maximum peak floor displacement is 81.4, 150.4, 198.5, and 247.6 mm 
for the DBE, MCE, 1.2MCE, and 1.4MCE level RTHS, respectively. The maximum peak 
floor velocity is 0.424, 0.728, 0.884, and 1.016 m/s for the DBE, MCE, 1.2MCE, and 
1.4MCE level RTHS, respectively. The maximum peak floor acceleration is 0.407g, 
0.630g, 0.653g, and 0.848g for the DBE, MCE, 1.2MCE, and 1.4MCE level RTHS, 
respectively. 
Table 10.13 summarizes the peak story drift ratios and residual story drift ratios of 
the D60V structure from each level RTHS. The second story has larger story drift ratio 
than the first and third stories. The maximum peak story drift ratio is 1.39%, 2.55%, 
3.20%, and 4.13% radians for the DBE, MCE, 1.2MCE, and 1.4MCE level RTHS, 
respectively. The maximum residual story drift ratio is 0.29% and 0.67% radians for the 
1.2MCE and 1.4MCE level RTHS, respectively. The D60V structure yielded 
significantly in the 1.2MCE and 1.4MCE level RTHS. According to ASCE 41-06, the 
D60V structure achieved enhanced seismic performances, with peak story drifts satisfy 
the “Life Safety” performance level story drift ratio limit (i.e., 2.5% rad) under the MCE 
and the “Collapse Prevention” performance level story drift ratio limit (i.e., 5% rad)  
under the 1.2MCE and 1.4MCE. 
 
 
 
 432
10.3.3.2 MRF Response 
Figure 10.60 through Figure 10.63 show the bending moment versus rotation 
response of the first story MRF columns in the DBE, MCE, 1.2MCE, and 1.4MCE levels 
RTHS. The maximum peak column rotation is 0.95%, 1.68%, 2.25%, and 3.10% radians 
for the DBE, MCE, 1.2MCE, and 1.4MCE level RTHS, respectively. The nearly linear 
relationship between the bending moment and rotation in Figure 10.60 for the DBE level 
RTHS indicates the MRF columns remained elastic under the DBE. The hysteresis loops 
developed between the bending moment and rotation in Figure 10.61 and Figure 10.62 
indicates severe yielding occurred in the MRF columns under the MCE and 1.2MCE. The 
full elastoplastic like hysteresis loops between the bending moment and rotation in Figure 
10.63 indicates the MRF columns were fully yielded under the 1.4MCE. 
Figure 10.64 through Figure 10.66 show the photographs for the MRF columns 
after each level RTHS. As illustrated in Figure 10.64, the whitewash on the column 
flanges remained clean and intact in the DBE level RTHS, which indicates the MRF 
columns of the D60V structure remained elastic under the DBE. Figure 10.65 shows the 
whitewash spalled off from the column flanges, which indicates the yielding occurred to 
the columns under the MCE. Figure 10.66 shows the whitewash spalled seriously off the 
column flanges and the yield lines on both the inner and outside side of the column 
flanges under the 1.4MCE, which indicates plastic hinge formed in the columns under the 
1.4MCE. Based on the location of the whitewash spalling concentrated, the location of 
the plastic hinge can be estimated at a distance equal to the depth of column section 
above the top flange of the ground floor beam. 
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Figure 10.67 through Figure 10.70 show the RBS bending moment versus rotation 
response of the D60V structure from the DBE, MCE, 1.2MCE, and 1.4MCE levels RTHS. 
For the DBE level RTHS, as shown in Figure 10.67, the RBS of the first floor have 
hysteresis loops developed with peak RBS rotation of 0.62% radians, and the RBS for the 
second third floors have nearly linear relationship between moment and rotation with 
peak RBS rotation of 0.26% and 0.19% radians, respectively; these results indicate 
yielding occurred in the RBS of the first floor and the RBS of the second and third floors 
remained elastic under the DBE. For the MCE level RTHS, as shown in Figure 10.68, the 
RBS of the first and second floors have full hysteresis loops developed with peak RBS 
rotation of 1.75% and 1.25% radians, respectively, and the RBS of the third floor have 
little hysteresis loops developed between moment and rotation with peak RBS rotation of 
0.19% radians; these results indicate the RBS of the first and second floors yielded and 
yielding occurred in the RBS of the third floor under the MCE. For the 1.2MCE level 
RTHS, as shown in Figure 10.69, the RBS of each floor have full hysteresis loops 
developed with peak RBS rotation of 2.35%, 1.55%, and 0.90% radians for the first, 
second, and third floor, respectively, which indicates the RBS of each floor were yielded 
under the 1.2MCE. For the 1.4MCE level RTHS, as shown in Figure 10.70, the RBS of 
each floor have full hysteresis loops developed with peak RBS rotation of 3.0%, 2.4%, 
and 1.4% radians for the first, second, and third floor, respectively, which indicates the 
RBS of each floor were fully yielded under the 1.4MCE.  
Figure 10.71 through Figure 10.74 show the photographs for the RBS after each 
level RTHS. For the DBE level RTHS, as shown in Figure 10.71, the slight spalling of 
the whitewash off the RBS flanges of the RBS of the first floor indicates yielding 
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initiated in the RBS flanges. For the MCE level RTHS, as shown in Figure 10.72, the 
severe spalling of whitewash in the RBS region indicates yielding spread over the RBS 
region for the first floor RBS; the concentrated spalling of whitewash at the center of the 
RBS in the flanges and web close to the flanges indicates yielding mainly concentrated at 
the center of the RBS for the second floor RBS; and the slight spalling of whitewash on 
the flanges of the RBS indicates yielding initiated in the flanges of RBS for the third floor 
RBS. For the 1.2MCE level RTHS, as shown in Figure 10.73, the severe spalling of 
whitewash in the RBS region indicates yielding spread over the length of the RBS region 
for the first floor RBS; the concentrated spalling of whitewash at the center of the RBS 
indicates yielding mainly concentrated at the center of the RBS in the beam flanges and 
web close to the flanges for the second floor RBS; and the obvious spalling of whitewash 
on the flanges of the RBS indicates yielding occurred in the RBS flanges for the third 
floor RBS. For the 1.4MCE level RTHS, as shown in Figure 10.74, plastic hinge formed 
in the RBS as yielding extensively spread over the RBS region and web local buckling 
was observed for the first floor RBS; plastic hinge also formed in the RBS of the second 
floor as yielding spread over the RBS region in the flanges and web of the RBS. For the 
RBS of all floors, neither beam flange local buckling nor beam flange lateral movement 
was visible, and no cracking and fracture was observed in the weld connections. However, 
column twisting was observed at the end of the 1.4MCE level RTHS, as shown in Figure 
10.75. 
Figure 10.76 through Figure 10.79 show the response of panel zone shear force 
versus panel zone shear deformation of the MRF beam-to-column connections in the 
RTHS. It is seen that the peak panel zone shear forces are less than the design strength of 
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the panel zones which is 1427 kN for the panel zones of the first and second floors and 
1292 kN for the panel zones of the third floor. The nearly linear relationship between the 
panel zone shear force and panel zone shear deformation indicates the panel zones 
responded elastically even in the 1.4MCE level RTHS. 
 
10.3.3.3 DBF Response 
Figure 10.80 through Figure 10.83 show the damper force versus damper 
deformation and the damper force versus story drift responses from the DBE, MCE, 
1.2MCE, and 1.4MCE levels RTHS using the H-BRA315 record. The maximum peak 
damper force is 391, 538, 578, and 719 kN, which is 65%, 90%, 96%, and 120% of 
nominal force capacity (i.e., 600 kN) of the dampers. Similar to the results from the 
RTHS presented earlier, the partially in-phase behavior of the damper force with the story 
drift can be observed in the figures, as considerable differences between the damper 
deformations and story drifts are shown in the figures.  
Figure 10.84 through Figure 10.87 show story shear force versus story drift 
responses of the DBF of the D60V structure from the DBE, MCE, 1.2MCE, and 1.4MCE 
levels RTHS using the H-BRA315 record. The figures also show the damper force and 
column shear force versus story drift responses. The forces plotted in the figures are 
normalized by the seismic weight (Ws=4504 kN) of the D60V structure. Due to the 
partially in-phase behavior of the damper forces with the story drifts, the in-phase portion 
of damper forces and the shear forces in the DBF columns produce the total DBF story 
shear forces that are much larger than the column shear forces at the times of peak story 
drifts. Table 10.14 summarizes the contribution of damper force to the total DBF story 
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shear force at the times of peak story drifts. The contribution is 39%, 57%, and 62% 
under the DBE, is 37%, 47%, and 41% under the MCE, is 48%, 48%, and 51% under the 
1.2MCE, and is 45%, 45%, and 55% under the 1.4MCE for the first, second, and third 
story, respectively. The contributions of damper forces to the total DBF story shear forces 
at the times of peak story drift are significant in each RTHS. Table 10.15 summarizes the 
estimated stiffness, Kdamper, for the damper force-story drift hysteresis loops due to the 
partially in-phase behavior of damper force with story drift. It is seen that Kdamper 
decreases with the increases of the ground motion intensity from the DBE to the 1.4MCE, 
which suggests the partially in-phase behavior of the damper force with the story drift is 
less pronounced for the D60V structure under the 1.4MCE than under the DBE, MCE, 
and 1.2MCE.    
Figure 10.88 through Figure 10.91 show the story shear force distributions 
between the MRF and DBF normalized by the seismic weight (Ws=4504 kN) for the 
D60V structure from the DBE, MCE, 1.2MCE, and 1.4MCE levels RTHS using the H-
BRA315 record. The MRF story shear forces, DBF story shear forces, and the total 
MRF+DBF story shear forces are plotted versus the story drifts in the figures. As 
illustrated, the in-phase component of the DBF story shear force and the MRF story shear 
force produce the total MRF+DBF story shear force that is much larger than the MRF 
story shear force. It is notable from Table 10.16 that the contributions of the DBF story 
shear forces to the total MRF+DBF story shear forces at the times of peak story drifts are 
significant. For example, for the D60V structure under the DBE, the DBF story shear 
forces contribute 69% of the total MRF+DBF story shear forces in the third story, of 
which 38% is contributed by the DBF column shear force (due to frame action in the 
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DBF) and 62% is contributed by the damper force (see Table 10.14). These results 
indicate that significant story stiffness was added by the DBF with nonlinear viscous 
dampers, and a significant part of this added story stiffness came from the in-phase 
behavior of the damper forces with the story drifts. 
 
10.4 Correlation of Response between Phase-1 and Phase-2 RTHS 
In the Phase-2 RTHS, the experimental substructure included both the MRF and 
DBF. Compared to the Phase-1 RTHS, the Phase-2 RTHS was more challenging to 
perform since the restoring force of the experimental substructure in the Phase-2 RTHS is 
larger than the restoring force of the experimental substructure in the Phase-1 RTHS. The 
response in the Phase-2 RTHS is more realistic than the response in the Phase-1 RTHS 
where the MRF is modeled numerically in the analytical substructure if the RTHS is 
accurate. However, the Phase-1 RTHS has the advantage to perform numerous 
simulations with various ground motions on the same test structure without accumulating 
damage in the MRF, and therefore, is useful for a statistical investigation of test structure 
response to simulated earthquake loading. In this section, comparisons between the 
Phase-1 and Phase-2 RTHS responses under the FOE, DBE, and MCE are provided. The 
responses under comparisons include the floor displacement response of the DBF (i.e., 
the floor displacement of the experimental substructure), the story shear response, the 
hysteretic response of the MRF columns, the hysteretic response of the RBS, the shear 
deformation of the panel zones of the MRF beam-to-column connections, and the 
hysteretic response of dampers. These comparisons of the two phases of RTHS aim to 
provide some indication of the fidelity of both phases of RTHS. 
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10.4.1 FOE level RTHS for D100V Structure Using Record H-E03140 
The comparisons between the Phase-1 and Phase-2 RTHS responses of the 
D100V structure with FOE record H-E03140 are shown in Figure 10.92 through Figure 
10.97. The D100V structure was expected to respond elastically under the FOE. Figure 
10.92 compares the comparison of the floor displacement response. Figure 10.93 
compares the MRF+DBF story shear force response. Figure 10.94 compares the bending 
moment versus rotation response of the first story MRF columns. Figure 10.95 compares 
the RBS bending moment versus rotation response. Figure 10.96 compares the panel zone 
shear deformation of the MRF beam-to-column connections. Figure 10.97 compares the 
damper hysteretic response.  
As illustrated, the Phase-1 and Phase-2 RTHS have similar responses. The 
difference in peak floor displacement between the Phase-1 and Phase-2 RTHS is 0.6, 0.6, 
and 0.2 mm, where the peak displacement is 7.8, 15.0, and 19.1 mm in the Phase-2 RTHS, 
for the first, second, and third floor, respectively. The difference in peak MRF+DBF 
story shear force between the Phase-1 and Phase-2 RTHS is 12, 25, and 25 kN, where the 
peak MRF+DBF story shear force is 465, 346, and 195 kN in the Phase-2 RTHS, for the 
first, second, and third floor, respectively. The similar first story MRF column bending 
moment versus rotation response between the Phase-1 and Phase-2 RTHS indicates a 
good correlation in the rotational stiffness of the columns in the Phase-1 and Phase-2 
RTHS. The comparison of the RBS bending moment versus rotation response shows that 
the rotational stiffness of the RBS in the Phase-2 RTHS is greater than that in the Phase-1 
RTHS, especially for the RBS in the second and third floors. This could due to that the 
bending moments and rotations are not determined accurately in the Phase-2 when the 
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response is small under the FOE. The panel zone shear deformation responses from the 
Phase-1 and Phase-2 RTHS are similar, even though they are very small (less than 0.05% 
rad) under the FOE and noises exhibit in the panel zone shear deformation in the Phase-2 
RTHS. The damper force versus deformation hysteretic response from the Phase-1 and 
Phase-2 RTHS are matched overall.   
 
10.4.2 DBE level RTHS for D100V Structure Using Record RRS318 
The comparisons between the Phase-1 and Phase-2 RTHS responses of the 
D100V structure in the DBE level RTHS with ground motion record RRS318 are shown 
in Figure 10.98 through Figure 10.103. The D100V structure was expected to respond 
nearly elastic under the DBE. Figure 10.98 compares floor displacement response. Figure 
10.99 compares the MRF+DBF story shear force response of the D100V structure. Figure 
10.100 compares the bending moment versus rotation response of the first story MRF 
columns of the D100V structure. Figure 10.101 compares the RBS bending moment 
versus rotation response of the D100V structure. Figure 10.102 compares the panel zone 
shear deformation of the MRF beam-to-column connections. Figure 10.103 compares the 
damper force versus deformation hysteretic response. 
As illustrated, the Phase-1 and Phase-2 RTHS have similar responses for the 
D100V structure under the DBE. The difference in peak floor displacement between the 
Phase-1 and Phase-2 RTHS is 1.5, 2.0, and 0.3 mm, where the peak displacement is 19.9, 
38.2, and 48.2 mm in the Phase-2 RTHS, for the first, second, and third floor, 
respectively. The difference in peak MRF+DBF story shear force between the Phase-1 
and Phase-2 RTHS is 47, 70, and 39 kN, where the peak MRF+DBF story shear force is 
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993, 630, and 346 kN in the Phase-2 RTHS, for the first, second, and third floor, 
respectively. The comparison of the first story MRF column bending moment versus 
rotation response indicates the rotational stiffness of the first story MRF column in the 
Phase-2 RTHS are smaller than that in the Phase-1 RTHS, while the comparison of the 
RBS bending moment versus rotation response shows that the rotational stiffness of the 
RBS in the Phase-2 RTHS is greater than that in the Phase-1 RTHS. The panel zone shear 
deformation responses from the Phase-1 and Phase-2 RTHS are similar, especially during 
the time when the responses are significant over the time history. The damper force 
versus deformation hysteretic response from the Phase-1 and Phase-2 RTHS agree well 
with each other, with small differences in peak damper deformations and peak damper 
forces for the second and third stories.   
 
10.4.3 DBE level RTHS for D60V Structure Using Record H-BRA315 
The comparisons between the Phase-1 and Phase-2 RTHS responses of the D60V 
structure in the DBE level RTHS with ground motion record H-BRA315 are shown in 
Figure 10.104 through Figure 10.109. Yielding was expected to occur in the D60V 
structure under the DBE. Figure 10.104 compares the floor displacement response. Figure 
10.105 compares the MRF+DBF story shear force response. Figure 10.106 compares the 
bending moment versus rotation response of the first story MRF columns. Figure 10.107 
compares the RBS bending moment versus rotation response. Figure 10.108 compares 
the panel zone shear deformation response of the MRF beam-to-column connections. 
Figure 10.109 compares the damper force versus deformation hysteretic response. 
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As illustrated, the Phase-1 and Phase-2 RTHS have overall similar responses for 
the D60V structure under the DBE. The difference in peak floor displacement between 
the Phase-1 and Phase-2 RTHS is 2.3, 3.3, and 2.2 mm, where the peak displacement is 
32.5, 61.4, and 81.4 mm in the Phase-2 RTHS, for the first, second, and third floor, 
respectively. The difference in peak MRF+DBF story shear force between the Phase-1 
and Phase-2 RTHS is 9, 103, and 26 kN, where the peak displacement is 1275, 847, and 
513 kN in the Phase-2 RTHS, for the first, second, and third floor, respectively. The 
comparison of the first story MRF column bending moment versus rotation response 
shows the rotational stiffness of the first story MRF column in the Phase-2 RTHS are 
smaller than that in the Phase-1 RTHS. The comparison of the RBS bending moment 
versus rotation response shows that the rotational stiffness of the RBS in the Phase-2 
RTHS is greater than that in the Phase-1 RTHS. The panel zone shear deformation 
responses from the Phase-1 and Phase-2 RTHS are similar. The damper force versus 
deformation hysteretic response from the Phase-1 and Phase-2 RTHS agree well with 
each other with very small differences in peak damper deformations and peak damper 
forces for the second and third stories.   
 
10.4.4 MCE level RTHS for D100V Structure Using Record RRS318 
The comparisons between the Phase-1 and Phase-2 RTHS responses of the 
D100V structure in the MCE level RTHS with ground motion record RRS318 are shown 
in Figure 10.110 through Figure 10.115. Yielding was expected to occur in the D100V 
structure under the MCE. Figure 10.110 compares the floor displacement response. 
Figure 10.111 compares the MRF+DBF story shear force response. Figure 10.112 
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compares the bending moment versus rotation response of the first story MRF columns of 
the D100V structure. Figure 10.113 compares the RBS bending moment versus rotation 
response. Figure 10.114 compares the panel zone shear deformation of the MRF beam-to-
column connections. Figure 10.115 compares the damper force versus deformation 
hysteretic response. 
As illustrated, the Phase-1 and Phase-2 RTHS have overall similar responses for 
the D100V structure under the MCE. The difference in peak floor displacement between 
the Phase-1 and Phase-2 RTHS is 2.2, 1.7, and 1.8 mm, where the peak displacement is 
33.3, 65.4, and 83.7 mm in the Phase-2 RTHS, for the first, second, and third floor, 
respectively. The difference in peak MRF+DBF story shear force between the Phase-1 
and Phase-2 RTHS is 5, 51, and 49 kN, where the peak MRF+DBF story shear force is 
1450, 894, and 476 kN in the Phase-2 RTHS, for the first, second, and third floor, 
respectively. The comparison of the first story MRF column bending moment versus 
rotation response shows the rotational stiffness of the first story MRF column in the 
Phase-2 RTHS are smaller than that in the Phase-1 RTHS with little hysteresis. The 
comparison of the RBS bending moment versus rotation response shows that the RBS in 
the Phase-1 RTHS have more hysteresis with greater RBS rotation than the RBS in the 
Phase-2 RTHS. The panel zone shear deformation responses from the Phase-1 and Phase-
2 RTHS are similar. The damper force versus deformation hysteretic response from the 
Phase-1 and Phase-2 RTHS agree well with each other.   
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10.4.5 MCE level RTHS for D60V Structure Using Record H-BRA315 
The comparisons between the Phase-1 and Phase-2 RTHS responses of the D60V 
structure in the MCE RTHS with ground motion record H-BRA315 are shown in Figure 
10.116 through Figure 10.121. Figure 10.116 compares the floor displacement response. 
Figure 10.117 compares the MRF+DBF story shear force response of the D60V structure. 
Figure 10.118 compares the bending moment versus rotation response of the first story 
MRF columns of the D60V structure. Figure 10.119 compares the RBS bending moment 
versus rotation response of the D60V structure. Figure 10.120 compares the panel zone 
shear deformation of the MRF beam-to-column connections. Figure 10.121 compares the 
damper force versus deformation hysteretic response. 
As illustrated, the Phase-1 and Phase-2 RTHS have overall similar responses for 
the D60V structure under the MCE. The difference in peak floor displacement between 
the Phase-1 and Phase-2 RTHS is 0.4, 2.6, and 2.4 mm, where the peak displacement is 
50.2, 107.7, and 150.4 mm in the Phase-2 RTHS, for the first, second, and third floor, 
respectively. The difference in peak MRF+DBF story shear force between the Phase-1 
and Phase-2 RTHS is 205, 180, and 156 kN, where the peak MRF+DBF story shear force 
is 1725, 1080, and 781 kN in the Phase-2 RTHS, for the first, second, and third floor, 
respectively. The comparison of the first story MRF column bending moment versus 
rotation response shows the rotational stiffness of the first story MRF column in the 
Phase-2 RTHS are smaller than that in the Phase-1 RTHS with obvious hysteresis. The 
comparison of the RBS bending moment versus rotation response shows that the RBS in 
the Phase-1 RTHS have more hysteresis with greater peak RBS rotation than the RBS in 
the Phase-2 RTHS. The panel zone shear deformation responses from the Phase-1 and 
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Phase-2 RTHS are similar over the time history. The damper force versus deformation 
hysteretic response from the Phase-1 and Phase-2 RTHS agree well with each other.   
 
10.5 Summary 
This chapter presented the experimental response of the D100V, D75V, and 
D60V test structures in the Phase-2 RTHS at the FOE, DBE, MCE, and beyond MCE 
(i.e., 1.2MCE and 1.4MCE) hazard levels and made the comparisons between the Phase-
1 and Phase-2 RTHS responses at the FOE, DBE, and MCE hazard levels.  
The D100V structure achieved high performances in the Phase-2 RTHS at the 
FOE, DBE, and MCE levels. The D100V structure remained elastic in the FOE and DBE 
levels RTHS and had yielding initiated in the first floor RBS in the MCE level RTHS. 
According to the story drift ratio limit in ASCE 41-06, the D100V structure achieved the 
“Operational” performance level under the FOE, the “Immediate Occupancy” 
performance level under the DBE, and the “Life Safety” performance level under the 
MCE.  
The D100V, D75V, and D60V structure achieved high performance in the DBE 
level RTHS with the same ground motion record RRS318. The MRF columns and the 
panel zones of the MRF beam-to-column connections of the three test structures 
remained elastic in the RTHS. The RBS of the second and third floors of each test 
structure remained elastic in the RTHS, while yielding occurred in the RBS of the first 
floor of the D75V and D60V structures. The D100V, D75V, and D60V structures have 
maximum peak story drift ratio of 0.81%, 1.05%, and 1.19% radians, respectively. 
According to ASCE 41-06, the D100V, D75V, and D60V structures achieved a 
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performance level between the “Immediate Occupancy” performance level and the “Life 
Safety” performance level under the DBE. The increases of the maximum peak story drift 
ratio is 30% and 47%, which are greater than the 25% and 40% reduction of base shear 
design strength from the D100V to the D75V and D60V structures, respectively. The 
increases of peak floor velocities are smaller than the increases of the maximum peak 
story drift ratios from the D100V to the D75V and D60V structures. The D60V structure 
has smaller peak floor accelerations than the D100V and D75V structures for the first and 
second floors, and has similar peak floor acceleration as the D100V and D75V structures 
for the third floor. 
The D60V structure has maximum peak story drift ratio of 1.39%, 2.55%, 3.20%, 
and 4.13% radians in the DBE, MCE, 1.2MCE, and 1.4MCE levels RTHS, respectively. 
According to ASCE 41-06, the D60V structure achieved the “Life Safety” performance 
level under the MCE and the “Collapse Prevention” performance level under the 1.2MCE 
and 1.4MCE. Plastic hinge formed at the bottom of the first story MRF columns in the 
1.2MCE and 1.4MCE level RTHS. Plastic hinge formed in the RBS of the first, second, 
and third floors in the 1.2MCE and 1.4MCE level RTHS, as yielding spread all over the 
flanges and web close to the flanges in the RBS region. Minor web local buckling 
occurred in the RBS of the first and second floors in the 1.4MCE level RTHS. Column 
twisting was observed in the 1.4MCE level RTHS. The panel zones of the MRF beam-to-
column connections of the D60Vstructure remained elastic even in the 1.4MCE level 
RTHS. Neither beam flange local buckling nor beam flange lateral movement was visible. 
No cracking and fracture was observed in the weld connections.  
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The partially in-phase behavior of the damper force with the story drift was 
observed for the D100V, D75V, and D60V structures in the RTHS at various hazard 
levels. The in-phase behavior of damper forces with story drifts caused significant 
contribution of damper forces to the total story shear forces of the test structure at the 
times of peak story drifts, and therefore, added in-phase story stiffness to the total story 
stiffness of the test structure. This in-phase behavior of damper force with respect to story 
drift is more significant in RTHS with low intensity levels of ground motion. 
The correlation between the Phase-1 and Phase-2 RTHS was evaluated by 
comparing the responses of the test structures between the Phase-1 and Phase-2 RTHS at 
FOE, DBE, and MCE hazard levels. The floor displacement response, story shear force 
response, first story MRF column bending moment versus rotation response, RBS 
bending moment versus rotation response, panel zone shear deformation response, and 
damper force versus deformation hysteretic response of the test structures from the 
Phase-1 and Phase-2 RTHS are similar, which indicates a good correlation between the 
Phase-1 and Phase-2 RTHS. The similar responses between the Phase-1 and Phase-2 
RTHS also validated the fidelity of both phases of RTHS and the usefulness of the Phase-
1 RTHS for a statistical investigation of test structure response to simulated earthquake 
loading. The discrepancies in the responses between the Phase-1 and Phase-2 RTHS, 
especially the discrepancies in the RBS bending moment versus rotation response and the 
column bending moment versus rotation response between the Phase-1 and Phase-2 
RTHS, indicate that the Phase-2 RTHS is essentially more realistic than the Phase-1 
RTHS for investigation of seismic response of structural components and systems under 
simulated earthquake loading. 
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Table 10.1 Matrix for Phase-2 RTHS 
RTHS 
sequence 
No. 
Structure Hazard level 
Earthquake Ground 
motion 
record 
Scale 
factor M R  (kM) Ε Year Name 
1 
D100V 
FOE 6.5 12.9 1.32 %$% Imperial Valley H-E03140 0.68 
2 DBE 6.7 6.5 2.25 1994 Northridge RRS318 0.66 
3 DBE 7.1 92.0 0.67 1999 Hector Mine HECTOR-11625090 2.88 
4 MCE 6.7 6.5 2.03 1994 Northridge RRS318 1.07 
5 D75V DBE 6.7 6.5 2.25 1994 Northridge RRS318 0.66 
6 
D60V 
DBE 6.7 6.5 2.25 1994 Northridge RRS318 0.66 
7 DBE 6.5 10.4 0.59 1979 Imperial Valley H-BRA315 1.80 
8 MCE 6.5 10.4 0.67 1979 Imperial Valley H-BRA315 2.89 
9 1.2MCE 6.5 10.4 0.67 1979 Imperial Valley H-BRA315 3.47 
10 1.4MCE 6.5 10.4 0.67 1979 Imperial Valley H-BRA315 4.86 
 
 
 
Table 10.2 Peak floor displacements, peak floor velocities, and peak floor accelerations 
of D100V structure in RTHS at FOE, DBE, and MCE levels
Hazard 
level 
Ground motion 
record 
Peak floor displacement 
(mm) 
Peak floor velocity  
(m/s) 
Peak floor acceleration 
 (g) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
FOE H-E03140 7.8 15.0 19.1 0.076 0.135 0.165 0.181 0.235 0.255 
DBE HECTOR11625090 16.6 33.8 43.1 0.185 0.351 0.440 0.274 0.365 0.445 
MCE RRS318 33.3 65.4 83.7 0.212 0.369 0.483 0.663 0.662 0.611 
 
 
 
Table 10.3 Peak story drift ratios and residual story drift ratios of D100V structure in 
RTHS at FOE, DBE, and MCE levels 
Hazard level Ground motion  
record 
Peak story drift  ratio 
(% rad ) 
Residual story drift ratio 
 (% rad ) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 
FOE H-E03140 0.28 0.32 0.20 0.00 0.00 0.02 
DBE HECTOR11625090 0.67 0.75 0.47 0.01 0.01 0.04 
MCE RRS318 1.32 1.43 1.02 0.05 0.07 0.02 
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Table 10.4 DBF story shear forces at times of peak story drifts of D100V structure in 
RTHS at FOE, DBE, and MCE hazard levels 
Hazard 
level 
 
Ground motion 
record  
 
DBF story shear force  
(normalized by Ws=2702 kN) 
DBF column shear 
force contribution 
Damper force 
contribution 
1st  
story 
2nd  
story 
3rd  
story 
1st  
stor
y 
2nd  
stor
y 
3rd  
stor
y 
1st  
story 
2nd  
story 
3rd  
story 
FOE H-E03140 0.118 0.105 0.078 41% 24% 18% 59% 76% 82% 
DBE HECTOR11625090 0.178 0.156 0.048 62% 31% 17% 38% 69% 83% 
MCE RRS318 0.320 0.234 0.141 66% 46% 26% 34% 54% 74% 
 
 
 
Table 10.5 Stiffness of damper force-story drift hysteresis loops of D100V structure in 
RTHS at FOE, DBE, and MCE levels 
Hazard 
level 
Ground motion 
 record 
Kdamper 
(×103 kN/m) 
1st story 2nd story 3rd story 
FOE H-E03140 27.6 29.6 30.4 
DBE HECTOR11625090 11.9 13.2 11.4 
MCE RRS318 10.4 10.6 10.3 
 
 
 
Table 10.6 MRF+DBF story shear forces at times of peak story drifts of D100V 
structures in RTHS at FOE, DBE, and MCE levels 
Hazard 
level 
 
Ground motion 
record  
 
MRF+DBF story shear force  
(normalized by Ws=2702 kN) 
MRF story shear force 
contribution 
DBF story shear force 
contribution 
1st  
story 
2nd  
story 
3rd  
story 
1st  
story 
2nd  
story 
3rd  
story 
1st  
story 
2nd  
story 
3rd  
story 
FOE H-E03140 0.241 0.155 0.084 58% 32% 15% 42% 68% 85% 
DBE HECTOR11625090 0.429 0.269 0.090 59% 42% 22% 41% 58% 78% 
MCE RRS318 0.735 0.409 0.202 57% 43% 30% 43% 57% 70% 
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Table 10.7 Peak floor displacements, peak floor velocities, and peak floor accelerations 
of D100V, D75V, and D60V structures in RTHS using DBE ground motion record 
RRS318 
Structure  
Peak floor displacement  
(mm) 
Peak floor velocity  
(m/s) 
Peak floor acceleration 
 (g) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
D100V 19.9 38.2 48.2 0.147 0.272 0.343 0.407 0.445 0.463 
D75V 25.8 49.1 62.9 0.165 0.291 0.340 0.397 0.409 0.445 
D60V 28.7 55.0 70.8 0.196 0.351 0.410 0.376 0.385 0.441 
 
 
Table 10.8 Peak story drift ratios and residual story drift ratios of D100V, D75V, and 
D60V structures in RTHS using DBE ground motion record RRS318 
Structure  
Peak story drift ratio 
(% rad) 
Residual story drift ratio 
(% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 
D100V 0.78 0.81 0.54 0.02 0.01 0.00 
D75V 1.01 1.05 0.76 0.03 0.02 0.02 
D60V 1.13 1.19 0.95 0.01 0.03 0.02 
 
 
Table 10.9 DBF story shear forces at peak story drifts of D100V, D75V, and D60V 
structures in RTHS using DBE ground motion record RRS318 
Structure 
 
DBF story shear force  
(normalized by Ws) 
DBF column shear 
force contribution 
Damper force 
contribution 
1st  
story 
2nd  
story 
3rd  
story 
1st  
story 
2nd  
story 
3rd  
story 
1st  
story 
2nd  
story 
3rd  
story 
D100V 0.203 0.171 0.098 64% 34% 22% 36% 66% 78% 
D75V 0.160 0.122 0.077 62% 40% 27% 38% 60% 73% 
D60V 0.135 0.106 0.070 67% 42% 29% 33% 58% 71% 
 
 
Table 10.10 Stiffness of damper force-story drift hysteresis loops of D100V, D75V, and 
D60V structures in RTHS using DBE ground motion record RRS318 
Structure  
Kdamper 
(×103 kN/m) 
1st story 2nd story 3rd story 
D100V 14.4 15.3 15.4 
D75V 10.4 11.2 12.7 
D60V 9.5 9.5 10.8 
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Table 10.11 MRF+DBF story shear forces at times of peak story drifts of D100V, D75V, 
and D60V structures in the RTHS using DBE ground motion record RRS318 
Structure 
 
MRF+DBF story shear 
force  
(normalized by Ws) 
MRF story shear force 
contribution 
DBF story shear force 
contribution 
1st  
story 
2nd  
story 
3rd  
story 
1st  
story 
2nd  
story 
3rd  
story 
1st  
story 
2nd  
story 
3rd  
story 
D100V 0.492 0.290 0.126 59% 41% 22% 41% 59% 78% 
D75V 0.334 0.206 0.105 52% 42% 27% 48% 58% 73% 
D60V 0.285 0.185 0.095 53% 43% 32% 47% 57% 68% 
 
 
Table 10.12 Peak floor displacements, peak floor velocities, and peak floor accelerations 
of D60V structure in RTHS at DBE, MCE, 1.2MCE, and 1.4MCE levels using record H-
BRA315 
Hazard level  
Peak floor displacement 
(mm) 
Peak floor velocity  
(m/s) 
Peak floor acceleration  
(g) 
1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 1st floor 2nd floor 3rd floor 
DBE 32.5 61.4 81.4 0.205 0.388 0.424 0.284 0.388 0.407 
MCE 50.2 107.7 150.4 0.298 0.565 0.728 0.498 0.624 0.630 
1.2MCE 63.5 136.5 198.5 0.428 0.596 0.884 0.644 0.596 0.653 
1.4 MCE 77.5 172.0 247.6 0.509 0.741 1.016 0.721 0.713 0.848 
 
 
 
Table 10.13 Peak story drift ratios and residual story drift ratios of D60V structure in 
RTHS at DBE, MCE, 1.2MCE, and 1.4MCE levels using record H-BRA315 
Hazard level  
Peak story drift ratio  
(% rad) 
Residual story drift ratio  
(% rad) 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 
DBE 1.20 1.39 1.02 0.02 0.02 0.01 
MCE 2.05 2.55 1.98 - - - 
1.2MCE 2.78 3.20 2.71 0.25 0.28 0.29 
1.4 MCE 3.39 4.13 3.31 0.50 0.67 0.54 
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Table 10.14 DBF story shear forces at times of peak story drifts of D60V structure in 
RTHS at DBE, MCE, 1.2MCE, and 1.4MCE levels using record H-BRA315 
Hazard 
level 
DBF story shear force 
(Normalized by Ws) 
DBF column shear force 
contribution 
Damper force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
DBE 0.135 0.105 0.050 61% 43% 38% 39% 57% 62% 
MCE 0.146 0.157 0.064 63% 53% 59% 37% 47% 41% 
1.2MCE 0.148 0.150 0.098 52% 52% 49% 48% 48% 51% 
1.4MCE 0.125 0.194 0.145 55% 55% 44% 45% 45% 55% 
 
 
 
Table 10.15 Stiffness of damper force-story drift hysteresis loops of D60V structure in 
RTHS at DBE, MCE, 1.2MCE, and 1.4MCE levels using record H-BRA315 
Hazard 
level 
Kdamper 
(×103 kN/m) 
1st story 2nd story 3rd story 
DBE 9.5 9.7 9.7 
MCE 6.1 7.1 7.7 
1.2MCE 5.4 6.5 7.2 
1.4MCE 4.9 5.7 5.6 
 
 
 
Table 10.16 MRF+DBF story shear forces at times of peak story drifts of D60V structure 
in RTHS at DBE, MCE, 1.2MCE, and 1.4MCE levels using record H-BRA315 
Hazard 
level 
MRF+DBF story shear 
force (normalized by Ws) 
MRF story shear force 
contribution 
DBF story shear force 
contribution 
1st story 2nd story 3rd story 1st story 2nd story 3rd story 1st story 2nd story 3rd story 
DBE 0.285 0.188 0.080 52% 44% 31% 48% 56% 69% 
MCE 0.303 0.258 0.101 52% 40% 36% 48% 60% 64% 
1.2MCE 0.304 0.245 0.137 51% 39% 29% 49% 61% 71% 
1.4MCE 0.254 0.305 0.199 49% 37% 28% 51% 63% 72% 
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Figure 10.1 Floor displacements of D100V structure in RTHS with FOE record H-
E03140 


 
 
Figure 10.2 Floor velocities of D100V structure in RTHS with FOE record H-E03140 
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Figure 10.3 Floor accelerations of D100V structure in RTHS with FOE record H-E03140 
 
 
  
 
Figure 10.4 Floor displacements of D100V structure in RTHS with DBE record 
HECTOR-11625090 
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Figure 10.5 Floor velocities of D100V structure in RTHS with DBE record HECTOR-
11625090 
 
 
 
 
Figure 10.6 Floor accelerations of D100V structure in RTHS with DBE record 
HECTOR-11625090 
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Figure 10.7 Floor displacements of D100V structure in RTHS with MCE record RRS318 
 
 
 
 
Figure 10.8 Floor velocities of D100V structure in RTHS with MCE record RRS318 
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Figure 10.9 Floor accelerations of D100V structure in RTHS with MCE record RRS318 
 
 
 
 
Figure 10.10 First story MRF column bending moment versus rotation response of 
D100V structure in RTHS with FOE record H-E03140: (a) south column; (b) north 
column 
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Figure 10.11 First story MRF column bending moment versus rotation response of 
D100V structure in RTHS with DBE record HECTOR-11625090: (a) south column; (b) 
north column 
 
 
Figure 10.12 First story MRF column bending moment versus rotation response of 
D100V structure in RTHS with MCE record RRS318: (a) south column; (b) north 
column 
 
    
(a)                                                                  (b) 
Figure 10.13 Photographs of first story MRF columns of D100V structure after RTHS 
with MCE record RRS318: (a) south column; (b) north column 
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Figure 10.14 RBS bending moment versus rotation response of D100V structure in 
RTHS with FOE record H-E03140 
 
 
 
Figure 10.15 RBS bending moment versus rotation response of D100V structure in 
RTHS with DBE record HECTOR-11625090 
 
 
 
Figure 10.16 RBS bending moment versus rotation response of D100V structure in 
RTHS with MCE record RRS318 
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 
                                 (a)                                                                    (b) 
 
 
 
                                (c)                                                                    (d) 
       
 
                               (e)                                                                     (f) 
 
Figure 10.17 Photographs of RBS of D100V structure after RTHS with MCE record 
RRS318: (a) 1st floor-south; (b) 1st floor-north; (c) 2nd floor-south; (d) 2nd floor-north; 
(e) 3rd floor-south; (f) 3rd floor-north 
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Figure 10.18 Panel zone shear force versus shear deformation response of D100V 
structure in RTHS with FOE record H-E03140 
 
 
 
Figure 10.19 Panel zone shear force versus shear deformation response of D100V 
structure in RTHS with DBE record HECTOR-11625090 
 
 
 
Figure 10.20 Panel zone shear force versus shear deformation response of D100V 
structure in RTHS with MCE record RRS318 
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Figure 10.21 Damper force versus damper deformation and damper force versus story 
drift response of D100V structure in RTHS with FOE record H-E03140 
 
 
 
Figure 10.22 Damper force versus damper deformation and damper force versus story 
drift response of D100V structure in RTHS with DBE record HECTOR-11625090
 
 

Figure 10.23 Damper force versus damper deformation and damper force versus story 
drift response of D100V structure in RTHS with MCE record RRS318 
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Figure 10.24 DBF story shear force of D100V structure in RTHS with FOE record H-
E03140 
 
 
 
Figure 10.25 DBF story shear force of D100V structure in RTHS with DBE record 
HECTOR-11625090 
 


Figure 10.26 DBF story shear force of D100V structure in RTHS with MCE record 
RRS318 
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Figure 10.27 Story shear force of D100V structure in RTHS with FOE record H-E03140 
 
 
 
Figure 10.28 Story shear force of D100V structure in RTHS with DBE record HECTOR-
11625090 
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Figure 10.29 Story shear force of D100V structure in RTHS with MCE record RRS318 
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
Figure 10.30 Floor displacements of D100V structure in RTHS with DBE record 
RRS318 
 
 
 
Figure 10.31 Floor displacements of D75V structure in RTHS with DBE record RRS318 
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Figure 10.32 Floor displacements of D60V structure in RTHS with DBE record RRS318 
 
 
 
 
Figure 10.33 Floor velocities of D100V structure in RTHS with DBE record RRS318 
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Figure 10.34 Floor velocities of D75V structure in RTHS with DBE record RRS318 
 
 
 
Figure 10.35 Floor velocities of D60V structure in RTHS with DBE record RRS318 
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
Figure 10.36 Floor accelerations of D100V structure in RTHS with DBE record RRS318 



Figure 10.37 Floor accelerations of D75V structure in RTHS with DBE record RRS318 
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
Figure 10.38 Floor accelerations of D60V structure in RTHS with DBE record RRS318 
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
(a) D100V structure 
 

(a) D75V structure 


(a) D60V structure 
Figure 10.39 First story MRF column bending moment versus rotation response of 
D100V, D75V, and D60V structures in RTHS with DBE record RRS318 
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                                (a)                                                                    (b) 
Figure 10.40 Photographs of first story MRF columns of D60V structure after RTHS with 
DBE record RRS318: (a) south column; (b) north column 
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
(a) D100V structure 


(b) D75V structure 


(c) D60V structure 
Figure 10.41 RBS bending moment versus rotation response of D100V, D75V, and 
D60V structures in RTHS with DBE record RRS318 
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(a)                                                                (b) 
 
 
                                 (c)                                                                    (d) 
  
 
                                (e)                                                                     (f) 
 
Figure 10.42 Photographs of RBS of D75V structure after RTHS with DBE record 
RRS318: (a) 1st floor-south; (b) 1st floor-north; (c) 2nd floor-south; (d) 2nd floor-north; 
(e) 3rd floor-south; (f) 3rd floor-north 
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                                 (a)                                                                   (b) 
 
 
                                (c)                                                                   (d) 
 
 
                               (e)                                                                   (f) 
 
Figure 10.43 Photographs of RBS of D60V structure after RTHS with DBE record 
RRS318: (a) 1st floor-south; (b) 1st floor-north; (c) 2nd floor-south; (d) 2nd floor-north; 
(e) 3rd floor-south; (f) 3rd floor-north 



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
(a) D100V structure 
 

(b) D75V structure 


(c) D60V structure 
 
Figure 10.44 Panel zone shear force versus shear deformation response of D100V, D75V, 
and D60V structures in RTHS with DBE record RRS318 
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
(a) D100V structure 
 

(b) D75V structure 
 

(c) D60V structure  
 
Figure 10.45 Damper force versus damper deformation and damper force versus story 
drift response of D100V, D75V, and D60V structure in RTHS with DBE record RRS318 
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
(a) D100V structure (Ws=2702 kN) 
 

(b) D75V structure (Ws=3603 kN) 
 
 
(c) D60V structure (Ws=4504 kN) 
Figure 10.46 DBF story shear force of D100V, D75V, and D60V structure in RTHS with 
DBE record RRS318 
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(a) D100V structure (Ws=2702 kN) 


(b) D75V structure (Ws=3603 kN) 


 (c) D60V structure (Ws=4504 kN) 
Figure 10.47 Story shear force of D100V, D75V, and D60V structure in RTHS with DBE 
record RRS318 
 





-30 -20 -10 0 10 20 30
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
Story drift (mm)
Fo
rc
e
 
/ W
s
1st story
 
 
MRF+DBF story shear force MRF story shear force DBF story shear force
-30 -20 -10 0 10 20 30
-0.4
-0.2
0
0.2
0.4
Story drift (mm)
Fo
rc
e
 
/ W
s
2nd story
 
 
-30 -20 -10 0 10 20 30
-0.4
-0.2
0
0.2
0.4
Story drift (mm)
Fo
rc
e
 
/ W
s
3rd story
 
 
-30 -20 -10 0 10 20 30
-0.4
-0.2
0
0.2
0.4
Story drift (mm)
Fo
rc
e
 
/ W
s
1st story
 
 
MRF+DBF story shear force MRF story shear force DBF story shear force
-30 -20 -10 0 10 20 30
-0.3
-0.15
0
0.15
0.3
Story drift (mm)
Fo
rc
e
 
/ W
s
2nd story
 
 
-30 -20 -10 0 10 20 30
-0.2
-0.1
0
0.1
0.2
Story drift (mm)
Fo
rc
e
 
/ W
s
3rd story
 
 
-30 -20 -10 0 10 20 30
-0.4
-0.2
0
0.2
0.4
Story drift (mm)
Fo
rc
e
 
/ W
s
1st story
 
 
MRF+DBF story shear force MRF story shear force DBF story shear force
-30 -20 -10 0 10 20 30
-0.3
-0.15
0
0.15
0.3
Story drift (mm)
Fo
rc
e
 
/ W
s
2nd story
 
 
-30 -20 -10 0 10 20 30
-0.2
-0.1
0
0.1
0.2
Story drift (mm)
Fo
rc
e
 
/ W
s
3rd story
 
 
 478

Figure 10.48 Floor displacements of D60V structure in RTHS with DBE record H-
BRA315 




Figure 10.49 Floor displacements of D60V structure in RTHS with MCE record H-
BRA315 
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
Figure 10.50 Floor displacements of D60V structure in RTHS with 1.2MCE record H-
BRA315 




Figure 10.51 Floor displacements of D60V structure in RTHS with 1.4MCE record H-
BRA315 
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
Figure 10.52 Floor velocities of D60V structure in RTHS with DBE record H-BRA315 
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Figure 10.53 Floor velocities of D60V structure in RTHS with MCE record H-BRA315 
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
Figure 10.54 Floor velocities of D60V structure in RTHS with 1.2MCE record H-
BRA315 

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
Figure 10.55 Floor velocities of D60V structure in RTHS with 1.4MCE record H-
BRA315 
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
Figure 10.56 Floor accelerations of D60V structure in RTHS with DBE record H-
BRA315 


Figure 10.57 Floor accelerations of D60V structure in RTHS with MCE record H-
BRA315 
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
Figure 10.58 Floor accelerations of D60V structure in RTHS with 1.2MCE record H-
BRA315 
 

Figure 10.59 Floor accelerations of D60V structure in RTHS with 1.4MCE record H-
BRA315 
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
Figure 10.60. First story MRF column bending moment versus rotation response of D60V 
structure during RTHS with DBE record H-BRA315: (a) south column; (b) north column 



Figure 10.61 First story MRF column bending moment versus rotation response of D60V 
structure during RTHS with MCE record H-BRA315: (a) south column; (b) north column 
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Figure 10.62 First story MRF column bending moment versus rotation response of D60V 
structure during RTHS with 1.2MCE record H-BRA315: (a) south column; (b) north 
column 
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
Figure 10.63 First story MRF column bending moment versus rotation response of D60V 
structure during RTHS with 1.4MCE record H-BRA315: (a) south column; (b) north 
column 



 
                                (a)                                                                     (b) 
Figure 10.64 Photographs of first story MRF columns of D60V structure after RTHS with 
DBE record H-BRA315: (a) south column; (b) north column 
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(a)                                                            (b) 
Figure 10.65 Photographs of first story MRF columns of D60V structure after RTHS with 
MCE record H-BRA315: (a) south column; (b) north column 
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Figure 10.66 Photographs of first story MRF columns of D60V structure after RTHS with 
1.4MCE record H-BRA315: (a) south column; (b) north column 





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
Figure 10.67 RBS bending moment versus rotation response of D60V structure during 
RTHS with DBE record H-BRA315 
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Figure 10.68 RBS bending moment versus rotation response of D60V structure during 
RTHS with MCE record H-BRA315 



Figure 10.69 RBS bending moment versus rotation response of D60V structure during 
RTHS with 1.2MCE record H-BRA315 
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
Figure 10.70 RBS bending moment versus rotation response of D60V structure during 
RTHS with 1.4MCE record H-BRA315 
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                                  (a)                                                                   (b) 
 
 
                                  (c)                                                                  (d) 
 
   
                                  (e)                                                                  (f) 
 
Figure 10.71 Photographs of RBS of D60V structure after RTHS with DBE record H-
BRA315: (a) 1st floor-south; (b) 1st floor-north; (c) 2nd floor-south; (d) 2nd floor-north; 
(e) 3rd floor-south; (f) 3rd floor-north 
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

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                                 (a)                                                                   (b) 
 
   
                                 (c)                                                                   (d) 
 
   
                                 (e)                                                                   (f) 
 
Figure 10.72 Photographs of RBS of D60V structure after RTHS with MCE record H-
BRA315: (a) 1st floor-south; (b) 1st floor-north; (c) 2nd floor-south; (d) 2nd floor-north; 
(e) 3rd floor-south; (f) 3rd floor-north 
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Figure 10.73 Photographs of RBS of D60V structure after RTHS with 1.2MCE record H-
BRA315: (a) 1st floor-south; (b) 1st floor-north; (c) 2nd floor-south; (d) 2nd floor-north; 
(e) 3rd floor-south; (f) 3rd floor-north 
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                                (a)                                                                     (b) 
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                               (e)                                                                    (f) 

Figure 10.74 Photographs of RBS of D60V structure after RTHS with 1.4MCE record H-
BRA315: (a) 1st floor-south; (b) 1st floor-north; (c) 2nd floor-south; (d) 2nd floor-north; 
(e) 3rd floor-south; (f) 3rd floor-north 
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Figure 10.75 Photographs of column twisting of D60V structure after RTHS with 
1.4MCE record H-BRA315 
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Figure 10.76 Panel zone shear force versus shear deformation response of D60V structure 
during RTHS with DBE record H-BRA315 
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
Figure 10.77 Panel zone shear force versus shear deformation response of D60V structure 
during RTHS with MCE record H-BRA315 
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
Figure 10.78 Panel zone shear force versus shear deformation response of D60V structure 
during RTHS with 1.2MCE record H-BRA315 
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Figure 10.79 Panel zone shear force versus shear deformation response of D60V structure 
during RTHS with 1.4MCE record H-BRA315 
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Figure 10.80 Damper force versus damper deformation and damper force versus story 
drift response of D60V structure in RTHS with DBE record H-BRA315 
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
Figure 10.81 Damper force versus damper deformation and damper force versus story 
drift response of D60V structure in RTHS with MCE record H-BRA315 
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Figure 10.82 Damper force versus damper deformation and damper force versus story 
drift response of D60V structure in RTHS with 1.2MCE record H-BRA315 
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
Figure 10.83 Damper force versus damper deformation and damper force versus story 
drift response of D60V structure in RTHS with 1.4MCE record H-BRA315 
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
Figure 10.84 DBF story shear force of D60V structure in RTHS with DBE record H-
BRA315 
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
Figure 10.85. DBF story shear force of D60V structure in RTHS with MCE record H-
BRA315 
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
Figure 10.86 DBF story shear force of D60V structure in RTHS with 1.2MCE record H-
BRA315 
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
Figure 10.87 DBF story shear force of D60V structure in RTHS with 1.4MCE record H-
BRA315 
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
Figure 10.88 Story shear force of D60V structure in RTHS with DBE record H-BRA315 
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Figure 10.89 Story shear force of D60V structure in RTHS with MCE record H-BRA315 
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
Figure 10.90 Story shear force of D60V structure in RTHS with 1.2MCE record H-
BRA315 



Figure 10.91 Story shear force of D60V structure in RTHS with 1.4MCE record H-
BRA315 
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Figure 10.92 Comparison of floor displacement response of D100V structure in Phase-1 
and Phase-2 RTHS with FOE record H-E03140 
 
 
 
Figure 10.93 Comparison of MRF+DBF story shear force response of D100V structure in 
Phase-1 and Phase-2 RTHS with FOE record H-E03140 
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Figure 10.94 Comparison of first story MRF column bending moment versus rotation 
response of D100V structure in Phase-1 and Phase-2 RTHS with FOE record H-E03140: 
(a) south column; (b) north column 
 
 
 
 
 
Figure 10.95 Comparison of RBS bending moment versus rotation response of D100V 
structure in Phase-1 and Phase-2 RTHS with FOE record H-E03140 
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Figure 10.96 Comparison of panel zone shear deformation response of D100V structure 
in Phase-1 and Phase-2 RTHS with FOE record H-E03140 
 
 
 
Figure 10.97 Comparison of damper force versus deformation hysteretic response of 
D100V structure in Phase-1 and Phase-2 RTHS with FOE record H-E03140 
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Figure 10.98 Comparison of floor displacement response of D100V structure in Phase-1 
and Phase-2 RTHS with DBE record RRS318 
 
 
 
Figure 10.99 Comparison of MRF+DBF story shear force response of D100V structure in 
Phase-1 and Phase-2 RTHS with DBE record RRS318 
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Figure 10.100 Comparison of first story MRF column bending moment versus rotation 
response of D100V structure in Phase-1 and Phase-2 RTHS with DBE record RRS318: 
(a) south column; (b) north column 
 
 
 
 
 
Figure 10.101 Comparison of RBS bending moment versus rotation response of D100V 
structure in Phase-1 and Phase-2 RTHS with DBE record RRS318 
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Figure 10.102 Comparison of panel zone shear deformation response of D100V structure 
in Phase-1 and Phase-2 RTHS with DBE record RRS318 
 
 
 
 
Figure 10.103 Comparison of damper force versus deformation hysteretic response of 
D100V structure in Phase-1 and Phase-2 RTHS with DBE record RRS318 
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Figure 10.104 Comparison of floor displacement response of D60V structure in Phase-1 
and Phase-2 RTHS with DBE record H-BRA315 



Figure 10.105 Comparison of MRF+DBF story shear force response of D60V structure in 
Phase-1 and Phase-2 RTHS with DBE record H-BRA315 
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
Figure 10.106 Comparison of first story MRF column bending moment versus rotation 
response of D60V structure in Phase-1 and Phase-2 RTHS with DBE record H-BRA315: 
(a) south column; (b) north column 





Figure 10.107 Comparison of RBS bending moment versus rotation response of D60V 
structure in Phase-1 and Phase-2 RTHS with DBE record H-BRA315 
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
Figure 10.108 Comparison of panel zone shear deformation response of D60V structure 
in Phase-1 and Phase-2 RTHS with DBE record H-BRA315 
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
Figure 10.109 Comparison of damper force versus deformation hysteretic response of 
D60V structure in Phase-1 and Phase-2 RTHS with DBE record H-BRA315 
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
Figure 10.110 Comparison of floor displacement response of D100V structure in Phase-1 
and Phase-2 RTHS with MCE record RRS318 
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
Figure 10.111 Comparison of MRF+DBF story shear force response of D100V structure 
in Phase-1 and Phase-2 RTHS with MCE record RRS318 
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Figure 10.112 Comparison of first story MRF column bending moment versus rotation 
response of D100V structure in Phase-1 and Phase-2 RTHS with MCE record RRS318: 
(a) south column; (b) north column 
 
 
 
 
 
Figure 10.113 Comparison of RBS bending moment versus rotation response of D100V 
structure in Phase-1 and Phase-2 RTHS with MCE record RRS318 
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
Figure 10.114 Comparison of panel zone shear deformation response of D100V structure 
in Phase-1 and Phase-2 RTHS with MCE record RRS318 
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Figure 10.115 Comparison of damper force versus deformation hysteretic response of 
D100V structure in Phase-1 and Phase-2 RTHS with MCE record RRS318 







0 2 4 6 8 10 12 14 16 18
-0.2
-0.1
0
0.1
0.2
Time (s)
1s
t f
lo
o
r
 
 
0 2 4 6 8 10 12 14 16 18
-0.2
-0.1
0
0.1
0.2
Pa
n
e
l z
o
n
e
 
sh
e
a
r 
de
fo
rm
a
tio
n
 
(%
 
ra
d)
2n
d 
flo
o
r
 
 
0 2 4 6 8 10 12 14 16 18
-0.2
-0.1
0
0.1
0.2
3r
d 
flo
o
r
 
 
Phase-1
Phase-2
Phase-1
Phase-2
Phase-1
Phase-2
-40 -30 -20 -10 0 10 20 30 40
-600
-400
-200
0
200
400
600
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
1st story
 
 
Phase-1
Phase-2
-40 -30 -20 -10 0 10 20 30 40
-600
-400
-200
0
200
400
600
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
2nd story
 
 
Phase-1
Phase-2
-40 -30 -20 -10 0 10 20 30 40
-600
-400
-200
0
200
400
600
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
3rd story
 
 
Phase-1
Phase-2
 511

Figure 10.116 Comparison of floor displacement response of D60V structure in RTHS 
with MCE record H-BRA315 
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Figure 10.117 Comparison of MRF+DBF story shear force response of D60V structure in 
RTHS with MCE record H-BRA315 
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
Figure 10.118 Comparison of first story MRF column bending moment versus rotation 
response of D60V structure in Phase-1 and Phase-2 RTHS with MCE record H-BRA315: 
(a) south column; (b) north column 




Figure 10.119 Comparison of RBS bending moment versus rotation response of D60V 
structure in Phase-1 and Phase-2 RTHS with MCE record H-BRA315 
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
Figure 10.120 Comparison of panel zone shear deformation response of D60V structure 
in Phase-1 and Phase-2 RTHS with MCE record H-BRA315 



Figure 10.121 Comparison of damper force versus deformation hysteretic response of 
D60V structure in Phase-1 and Phase-2 RTHS with MCE record H-BRA315 
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Chapter 11  
Numerical and Experimental Response Comparison and Equivalent Linearization 
of Damper Response  
 
11.1 General 
The first part of this chapter presents comparisons between the results from 
numerical simulations and the results from real-time hybrid simulations (RTHS). The 
numerical simulation results were presented in Chapter 7 and the RTHS results were 
presented in Chapter 9. Comparisons of floor displacements, damper force-deformation 
hysteresis response, story shear and column axial forces are made for the DBE and MCE 
ground motions. Differences between the numerical simulations and RTHS results are 
discussed. Considerations for modeling structures with nonlinear viscous dampers to 
enable more accurate results are proposed. The second part of this chapter presents an 
equivalent linearization of damper response for seismic design of a structure with 
nonlinear viscous dampers. 
 
11.2 Comparison of Numerical Simulation Results with RTHS Results 
11.2.1 DBE Level Response 
Figure 11.1 and Figure 11.2 compare floor displacement and damper deformation 
time history responses of the D100V structure under the DBE record PTS315, 
respectively. As illustrated, the numerical simulation (OpenSees) and RTHS results are 
similar over the entire time history. However, the peak floor displacement and damper 
deformation response from the numerical simulation are larger than those from the 
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RTHS. Since the response amplitude of the D100V structure under the DBE is relatively 
small, very little residual (permanent) floor displacement or damper deformation 
responses are observed at the end of the numerical simulation and the RTHS. Figure 11.3 
and Figure 11.4 compare the damper force time history response and damper force-
damper deformation hysteresis response, respectively. The figures show that the damper 
forces from the numerical simulation are in good agreement with the damper forces from 
the RTHS during the time period when damper force response amplitudes are not large. 
Discrepancies exist near the times of large amplitude damper forces. Two possible 
reasons are considered: (1) the damper properties (i.e., damper coefficient Cα  and 
velocity exponent α ) under simulated earthquake loading are different from the 
properties identified from the characterization tests under harmonic loading (described in 
Chapter 3); (2) the discrepancies in damper deformations between the numerical 
simulation and the RTHS cause discrepancies in the peak damper forces. To study these 
possible reasons for the discrepancies, the damper deformations measured from the 
RTHS are used as input to the Nonlinear Maxwell damper model and the output damper 
forces are compared to the damper forces measured in the RTHS, as shown in Figure 
11.5. Figure 11.5 shows that the damper forces produced by the Nonlinear Maxwell 
damper model (as described in Chapter 3) using the damping coefficient Cα  and α  from 
the characterization tests are smaller than the damper forces from the RTHS under the 
same damper deformation history. Figure 11.5 also shows that the damper forces 
produced by the Nonlinear Maxwell damper model using 1.2Cα  in the model (instead of 
Cα ) are more closely match the damper forces from the RTHS.  
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The flexibility in the structural components of the complete damper force path in 
the DBF (as described in Chapter 9), causes the discrepancies in the damper force 
responses to lead to discrepancies in the story shear force and column axial force 
responses of the structure. Figure 11.6 and Figure 11.7 compare story shear force-story 
drift hysteresis response and column axial force-story drift hysteresis response for the 
first story of the D100V structure under the DBE record PTS315. As shown in the 
figures, the responses from the numerical simulation and the RTHS are similar for the 
MRF, while discrepancies in the responses are evident for the DBF. The peak story shear 
force and peak column axial force in the DBF from the numerical simulation are smaller 
than those from the RTHS.  
 
11.2.2 MCE Level Response 
Figure 11.8 and Figure 11.9 compare floor displacement and damper deformation 
time history responses of the D60V structure under the MCE record H-BRA315, 
respectively. As illustrated, the floor displacements and damper deformations from the 
numerical simulation (OpenSees) have larger peak values in the negative direction and 
did not return to the positive direction as much as the floor displacements and damper 
deformations from the RTHS, which causes larger residual floor displacement and 
damper deformation responses in the numerical simulation.  
Figure 11.10 and Figure 11.11 compare the damper force time history response 
and damper force-damper deformation hysteresis response, respectively. Similar to the 
responses under the DBE, the peak damper forces from the RTHS are larger than those 
from the numerical simulation. Figure 11.12 compares the damper forces from the RTHS 
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with the damper forces produced by the Nonlinear Maxwell damper model using the 
damper properties from the characterization tests (i.e., Cα  and α ) and the measured 
damper deformations from the RTHS as the input. As shown, the damper forces produced 
by the Nonlinear Maxwell damper model are smaller than the damper forces from the 
RTHS, which demonstrates that the damper properties during the simulated MCE 
response are different than the damper properties from the characterization tests with 
harmonic loading.  
Figure 11.13 and Figure 11.14 compare story shear-story drift hysteresis response 
and column axial force-story drift hysteresis response in the first story of the D60V 
structure under the MCE record H-BRA315. Although inelastic response occurred in the 
MRF, the responses from the numerical simulation and from the RTHS are similar. For 
the DBF, due to the in-phase behavior of damper forces with story drifts, the 
discrepancies in the peak damper forces between the numerical simulation and the RTHS 
are reflected in discrepancies in the story shear force and column axial force responses 
between the numerical simulation and RTHS.  
 
11.2.3 Numerical Modeling Considerations for Structures with Nonlinear Viscous 
Dampers  
Based on comparisons of the numerical simulation and the RTHS responses, two 
considerations for numerical modeling a structure with nonlinear viscous dampers are 
identified: (1) identification of the damper properties and (2) modeling of the elastic 
flexibility of the structural components in the complete damper force path.  
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The nonlinear viscous damper properties (i.e., parameters Cα  and α ) are 
indicators of the damper force and energy dissipation, which affects the seismic response 
of a structure with dampers under earthquake ground motions. The parameters can be 
identified from harmonic loading characterization tests of the dampers, as shown in 
Chapter 3. Differences in the damper properties for the steady-state harmonic response of 
a nonlinear viscous damper (from the characterization tests) and for the instantaneous 
response of the damper in a structure under earthquake ground motions (from the RTHS) 
were observed in the previous section.  
As demonstrated in Chapter 9 and 10, along with the nonlinearity of a typical 
nonlinear viscous damper, the elastic flexibility of the components in the complete 
damper force path (i.e., the elastic flexibility of the braces, gusset plates, connections, 
beams, and columns) will cause partially in-phase behavior of the damper force with the 
story drift (i.e., the damper force is significant at the time when the story drift is at its 
peak value), which causes large axial forces in the columns at times when the bending 
moments are near their peak values and also adds lateral stiffness to the structure.   
To study the effects of the flexibility of the components in the complete damper 
force path, a model of the DBF with rigid components was developed by increasing the 
axial stiffness of the braces, floor beams, and columns to 1000 times their estimated 
actual axial stiffness and was used in numerical simulations. Figure 11.15 through Figure 
11.18 compare the responses from the RTHS, numerical simulation with flexible DBF 
components (OpenSees-Flexible brace), and numerical simulation with rigid DBF 
components (OpenSees-Rigid brace) for the D100V structure under the DBE record 
PTS315. Figure 11.19 through Figure 11.22 compare the responses from the RTHS, 
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numerical simulation with flexible DBF components, and numerical simulation with rigid 
DBF components for the D100V structure under the MCE record H-BRA315. As 
illustrated, the story shear force versus story drift hysteresis loops from the numerical 
simulation with rigid DBF components are less inclined than the hysteresis loops from 
the numerical simulation with flexible DBF components, which indicates the in-phase 
behavior of the damper forces with the story drifts is less pronounced. Accordingly, the 
story shear forces and column axial forces in the DBF with rigid components are smaller 
than those in the DBF with flexible components at the times of peak story drifts. 
Moreover, Figure 11.19 shows the floor displacements from numerical simulation with 
rigid brace are slightly larger than the floor displacements from the numerical simulation 
with flexible DBF components, which indicates the flexibility of the DBF components 
affects the floor displacement response of the structure.  
 
11.3 Equivalent Linearization of Nonlinear Viscous Damper Response for Seismic 
Design 
11.3.1 Overview of Equivalent Linearization  
To account for the two characteristics of nonlinear viscous dampers in structures 
under earthquake ground motions, i.e., the inherent nonlinearity of the dampers and its 
interaction with the flexible elastic structural components in the complete damper force 
path, an equivalent linearization of the damper response is proposed. The equivalent 
linearization is intended for predicting the seismic response of a structure with nonlinear 
viscous dampers for seismic design of these structures. The nonlinearity of a nonlinear 
viscous damper makes predicting the response of a structure with nonlinear viscous 
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dampers more complex than for a structure with linear viscous dampers. In addition, as 
indicated by the RTHS results presented in Chapter 9 and Chapter 10, the elastic 
flexibility of the structural components in the complete damper force path has significant 
effects on the structural response, and this flexibility should be considered in the seismic 
design of structures with nonlinear viscous dampers. The equivalent linearization of 
nonlinear viscous damper response will enable structures with nonlinear viscous dampers 
to be designed for seismic loading using a simple design procedure (SDP) as will be 
described in Chapter 12. 
Fan (1998) developed an equivalent elastic-viscous model for analysis of 
reinforced concrete frame with viscoelastic dampers. For a single degree-of-freedom 
(SDOF) system damped with a viscoelastic damper, the equivalent elastic-viscous model 
contains a spring to model the equivalent elastic stiffness of the system and a dashpot to 
model the equivalent viscous damping. This equivalent elastic-viscous model was 
developed using a complex stiffness to model the viscoelastic damper and the concept of 
equivalent energy dissipation for the SDOF system. The equivalent elastic-viscous model 
by Fan (1998) is extended in this research to develop an equivalent linearization of the 
response of a nonlinear viscous damper with associated non-rigid bracing for seismic 
design of structures with nonlinear viscous dampers. 
 
11.3.2 Single Degree-of-freedom (SDOF) System with Nonlinear Viscous Damper 
Figure 11.23(a) shows the configuration of a nonlinear viscous damper in one 
story of a steel frame, which can be represented as a single degree-of-freedom (SDOF) 
system as shown in Figure 11.23(b). The SDOF system includes the floor mass, m, the 
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initial stiffness of the structure without the damper, 0k , and the brace stiffness in the 
horizontal direction, bk . The nonlinear viscous damper has a damping coefficient Cα  and 
a velocity exponent α . The brace stiffness represents the flexibility of all the structural 
components which connect the damper to the floor mass of the structure. That is, bk  
represents all the flexibility in the damper force path. This system can be idealized as an 
SDOF model as shown in Figure 11.23(c). In this model the elastic Spring-1 represents 
the frame structure without dampers, and the damper-brace component (i.e., the nonlinear 
viscous damper and associated bracing) is represented by the Nonlinear Maxwell damper 
model which consists of the elastic Spring-2 for the brace and the nonlinear dashpot for 
the nonlinear viscous damper in series.  
 
11.3.3 Equivalent Linear Elastic-viscous Model for Damper-brace Component 
In the time domain, the relationship between story drift ( )u t , damper deformation 
d ( )u t , and brace deformation b ( )u t  for the damper-brace component shown in Figure 
11.24(a) can be expressed as:  
b d( ) ( ) ( )u t u t u t= +                                                                                            (11.1) 
In the frequency domain, the damper velocity can be expressed as the derivative 
of damper deformation as follows:  
d d( ) ( )u i i u iω ω ω= ⋅                                                                                            (11.2) 
where d ( )u iω   is the Fourier transform of the damper deformation d ( )u t . The damper 
force in the frequency domain can be expressed as: 
( )d d( ) ( )f i iC u i αααω ω ω= ⋅                                                                                (11.3) 
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Let,  
( ) 1d d( ) ( )k i iC u i αααω ω ω −= ⋅                                                                              (11.4) 
Then,   
d d d( ) ( ) ( )f i k i u iω ω ω= ⋅                                                                                     (11.5) 
where d ( )k iω  is the dynamic stiffness of the damper that varies with loading 
frequency,	!, and damper deformation, d ( )u iω .  
The combined stiffness for the damper-brace component is as follows: 
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c ( )k iω∗  is the complex stiffness for the equivalent viscoelastic model, as shown in Figure 
11.24(b), it can be expressed as: 
( )c c c( ) ( ) 1 ( )k i k i i iω ω η ω∗ = +                                                                            (11.7a) 
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( )
b
c 1
d
( )
( )
ki
C u i ααα
η ω
ω ω
−
=                                                                              (11.7c) 
c ( )k iω  and c ( )iη ω  are proportional to the brace stiffness, and also depend on the 
frequency and amplitude of the damper deformation. For a rigid brace ( )bk → ∞ , c ( )k iω  
would approach zero and c ( )iη ω  would approach infinity, so that the equivalent 
viscoelastic model for the damper-brace component would not have an elastic storage 
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stiffness and would have an infinitely large loss factor. For a linear viscous damper with 
1α = , c ( )k iω  and c ( )iη ω  become: 
( )
( ) ( )
2
1
c1 b2 2
1 b
( ) Ck i k
C k
ω
ω
ω
=
+
                                                                             (11.8a) 
b
c1
1
( ) ki
C
η ω
ω
=
                                                                                                (11.8b) 
with 1α =  and for a given C1 , c1( )k iω  and c1( )iη ω  depend on only the frequency and the 
brace stiffness.  
The equivalent linear elastic-viscous model, as shown in Figure 11.24(c), includes 
a linear elastic spring and a linear dashpot. The stiffness of the linear elastic spring, eqk , 
and the viscous damping coefficient of the linear dashpot, eqC , can be determined for a 
selected frequency, sω , and a selected damper deformation amplitude, dsu . In practice, sω  
can be selected as the natural frequency of a structure, and dsu  can be estimated from the 
maximum story drift 0u  which can be estimated as the design story drift limit. With 
selected sω  and dsu , the dynamic stiffness of the damper dk  can be determined as 
( ) 1d s dsk C u αααω −= ⋅  Since the damper deformation is not equal to the story drift, iteration 
is required to determine dsu from 0u  based on the stiffness ratio b dk k , i.e., 
( )ds b b d 0u k k k u= + ⋅ . The equivalent stiffness, eqk  equals ck  (i.e., the real part of the 
combined complex stiffness ck
∗ ) evaluated at sω  and dsu . By equating the energy 
dissipation per cycle of the damper-brace component to the energy dissipation per cycle 
of the equivalent linear elastic-viscous model, eqC  can be obtained as: 
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Similar to the stiffness Kdamper due to the in-phase behavior of damper force with story 
drift, which adds story stiffness to the DBF, as observed from the RTHS results in 
Chapter 9 and Chapter 10, eqk  adds stiffness to the SDOF system. Consequently, the 
equivalent model for the SDOF system, shown in Figure 11.23, has an effective stiffness 
effk  and effective equivalent damping ratio effξ as follows:  
( )( )
( )( ) ( )
21
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eff 0 eq 0 b21 2
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C u
k k k k k
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ω
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−
−
= + = +
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eq eqc eff
eff
eff eff s2 2
C k
m k
η ωξ
ω ω
= =
                                                                            (11.12) 
where 
eff effk mω =  is the natural frequency of the SDOF system with the damper.  
The equivalent linearization of the damper response using the equivalent linear 
elastic-viscous model has an underlying assumption that the damper force output from 
this model has the same frequency content as the damper deformation input. This 
assumption is made when going from Equation (11.3), where the damper force and 
damper deformation are expressed as functions of a continuous frequency variable ω , to 
Equation (11.9) and Equation (11.10), where the equivalent properties are expressed as 
functions of a single frequency sω , even though an applied damper deformation at a 
single frequency will produce force output at multiple frequencies. The assumption of 
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single frequency response is not strictly correct due to the nonlinearity of the damper-
brace component.  
Figure 11.25 shows that, under harmonic damper deformation input (at 1.0 Hz), 
the nonlinearity of the damper leads to damper forces at multiple frequencies. The 
dominant component of the damper force response is at the frequency of the damper 
deformation input. Figure 11.25(a) shows the damper deformation and damper force 
frequency response amplitude obtained from the Fast Fourier Transform (FFT) of the 
damper deformation and damper force measured during a harmonic loading 
characterization test at 1.0 Hz (described in Chapter 3). Figure 11.25(a) shows that the 
damper force has components at frequencies greater than 1.0 Hz (e.g., 3.0 Hz, 5.0 Hz, 7.0 
Hz, etc.), while the damper deformation is at 1.0 Hz. The dominant frequency in the 
damper force response is, however, also 1.0 Hz. Figure 11.25(b) shows the frequency 
response amplitude of the damper force output from the Nonlinear Maxwell damper 
model using a predefined harmonic damper deformation input (at 1.0 Hz). Again, the 
dominant frequency of the damper force response is the frequency of the damper 
deformation input.  
Figure 11.26 compares the story drift, damper deformation, and damper force 
frequency response amplitude from the FFT of the first story drift, damper deformation, 
and damper force measured from the 1.0 Hz harmonic test on the DBF (described in 
Chapter 5). The amplitude of the floor displacements of the test are 12, 24, and 36 mm 
for the first, second, and third floor, respectively (i.e., story drift amplitude is 12 mm for 
each story). As shown in Figure 11.26(a), the damper force has components at 
frequencies higher than 1.0 Hz, while the first story drift has significant frequency 
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response amplitude at only 1.0 Hz. The damper deformation also has components at 
frequencies higher than 1.0 Hz, which is expected because the damper force has 
components at these higher frequencies, while the story drift is harmonic. The higher 
frequencies in the damper deformation can be understood as follows: (1) the damper 
force components at higher frequencies require that force components at higher 
frequencies develop in the spring (brace) of the damper-brace component to provide force 
equilibrium; (2) the force components at higher frequencies in the spring require spring 
deformation components at higher frequencies due to the linear elastic constitutive 
property of the spring; (3) the spring deformation components at higher frequencies 
require damper deformation components at higher frequencies so that the sum of the 
spring, and damper deformation, are compatible with the harmonic story drift. Figure 
11.26(b) shows the frequency response amplitude of the story drift, damper deformation, 
and damper force from the Nonlinear Maxwell damper model using the predefined first 
story drift as the input. Here, the Nonlinear Maxwell damper model represents the 
damper and associated bracing in the first story (i.e., the damper-brace component of the 
first story of the DBF). The damping coefficient 696 kN-(second/m)C αα = and velocity 
exponent 0.44α =  were used in this model. With the measured story drift from the 
harmonic test of the DBF as the input for the model, damper deformation and damper 
force were determined from the model. Similar to Figure 11.26(a), Figure 11.26(b) shows 
that the damper force and damper deformation have components at frequencies greater 
than 1.0 Hz (e.g., 3.0 Hz, 5.0 Hz, 7.0 Hz, etc.), while the story drift has significant 
frequency response amplitude at only 1.0 Hz. Meanwhile, it is notable that the damper 
force frequency response amplitudes at frequencies greater than 1.0 Hz in Figure 11.26(b) 
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are greater than those in Figure 11.26(a), which suggests more nonlinearity in the 
Nonlinear Maxwell damper model than the damper-brace component of the DBF during 
the harmonic test.   
The effect of the nonlinearity of the damper in the damper-brace component on 
the damper force frequency response can be observed by comparing Figure 11.26(b) with 
the results in Figure 11.27, where the frequency response amplitude of the story drift, 
damper deformation, and damper force from the Nonlinear Maxwell damper model with 
different values for the damper velocity exponent α  within the damper-brace component 
are shown. Figure 11.27(a) and Figure 11.27(b) show the frequency response amplitudes 
of the story drift, damper deformation, and damper force from the damper model with 
0.2α =  (more nonlinearity) and 0.8α =  (less nonlinearity), respectively. It is seen that 
the frequency response amplitudes of the damper force and damper deformation in Figure 
11.27(a) are greater than those in Figure 11.26(b), while the frequency response 
amplitudes of the damper force and damper deformation in Figure 11.27(b) are smaller 
than those in Figure 11.26(b), which indicates the frequency response amplitudes of the 
damper force and damper deformation components at higher frequencies increase as the 
nonlinearity in the damper-brace component increases. 
These results show that, although the damper force response has components at 
higher frequencies and the amplitudes of these components increase with the nonlinearity 
in the damper-brace component, the dominant component of the damper force response is 
at the frequency of the story drift input. The results justify the assumption that a single 
frequency can be used in the equivalent linearization of the nonlinear viscous damper 
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response using the equivalent linear elastic-viscous model for α  values in the range that 
was studied. 
 
11.3.4 Validation of Equivalent Elastic-viscous Model 
The equivalent elastic-viscous model is validated using results from the harmonic 
tests on the DBF (described in Chapter 5). During the tests, the DBF was subjected to 
predefined harmonic floor displacement histories with frequencies of 0.5, 1.0, and 2.0 Hz, 
respectively. The amplitudes of the predefined floor displacements are the same for each 
test, with values of 12, 24, and 36 mm for the first, second, and third floor respectively. 
Figure 11.28 shows the time histories of the predefined floor displacement histories as the 
input for the actuators. During the tests, the actual floor displacements were measured 
and used to determine the story drifts of the DBF. The damper forces were measured by 
load cells. The story drifts of the DBF are used as input (u) to the equivalent linear 
elastic-viscous model for each story and the damper force for each story is the output. 
Since the measured story drift amplitude was slightly different for each story, a different 
story drift amplitude (um) was used for the equivalent linearization of the damper-brace 
component in each story. Given um and the frequency (ω ) of the loading, the deformation 
amplitude dsu  and dynamic stiffness ( ) 1d  dsk C u αααω −= ⋅ of the damper were estimated 
iteratively, and these results were used to calculate 
eqk  and eqC  for the equivalent linear 
elastic-viscous model. By comparing the damper forces from the equivalent linear 
elastic-viscous model with the measured damper forces from the harmonic tests, the 
accuracy of the equivalent linear elastic-viscous model is demonstrated. Figure 11.29(a), 
Figure 11.30(a), and Figure 11.31(a) compare the damper force time histories from the 
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harmonic tests with the damper force time histories from the equivalent linear elastic-
viscous model. Figure 11.29(b), Figure 11.30(b), and Figure 11.31(b) compare the 
damper force-story drift hysteresis loops from the harmonic tests with the results from the 
equivalent linear elastic-viscous model, where the story drifts as calculated from the 
measured floor displacement histories from the harmonic tests. As can be observed, the 
damper force-story drift hysteresis loops from the equivalent linear elastic-viscous model 
agree well with the damper force-story drift hysteresis loops obtained from the tests for 
the loops after the story drift amplitude reaches the amplitude used in the linearization of 
the model. These results show that the equivalent linear elastic-viscous model is suitable 
for preliminary analysis of a structure with nonlinear viscous dampers.  
 
11.3.5 Effects of Brace Stiffness on Effective Stiffness and Equivalent Damping 
Ratio  
Using the equivalent linear elastic-viscous model, the effects of brace stiffness on 
the effective stiffness and equivalent damping ratio of a structure with nonlinear viscous 
dampers are investigated in the context of the three-story D100V structure. In this 
context, the brace stiffness ( bk ) is defined as the combined stiffness of the complete force 
path for the damper in each story of the DBF, which include the pins, bolts, clevises, 
gusset plates, braces, brace extensions, and other components required to connect damper 
to the seismic mass degree-of-freedom (DOF) at each floor of the structure. The story 
stiffness matrix K0 and mass matrix M of the D100V structure without dampers are as: 
01 02 02
3
0 02 02 03 03
03 03
0 63.4 23.6 0.0
23.6 37.2 13.6 10   kN m
0 0.0 13.6 13.6
k k k
k k k k
k k
+ − −   
   
= − + − = − − ×   
   − −   
K   (11.13) 
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1
2
2
3
0 0 101.2 0.0 0.0
0 0 0.0 101.2 0.0   kN-s m
0 0 0.0 0.0 73.5
m
m
m
   
   
= =   
      
M                                (11.14) 
where 01k , 02k , and 03k  is the story stiffness of the first, second, and third story of the 
D100V structure including the MRF and DBF obtained from the static tests as described 
in Chapter 5; 1m , 2m , and 3m  is the floor mass of the first, second, and third floor of the 
structure. The ratio of brace stiffness bk  per story in the global direction to the first story 
stiffness 01k  can be expressed as b b 01k kα = , and the ratio of dynamic stiffness of 
damper dk  (where dk  is determined based on selected sω  and dsu  as ( ) 1d s dsk C u αααω −= ⋅ ) 
to 01k  can be expressed as d d 01k kβ = . Then eff 01k k  and eff 0T T  can be expressed as 
follows: 
( )
( ) ( )
2
d
eff 01 b2 2
d b
1k k
β
αβ α= + +                                                                         (11.15) 
( )
( ) ( )
eff 0 2
d
b2 2
d b
1
1
T T β
αβ α
=
+
+
                                                                     (11.16)         
Figure 11.32 shows the ratio of eff 01k k  versus the loading frequency ( 2ω pi ) as 
the story drift amplitude ( mu ) varies for the first story of the D100V structure. A larger 
value of eff 01k k  indicates the total structure stiffness increases due to the contribution of 
the real part of the complex stiffness of the damper-brace component. For a structure with 
a specific story drift amplitude, eff 01k k  increases as the frequency increases and 
decreases as the brace stiffness increases. For a structure with the same brace stiffness, 
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eff 01k k  decreases as the story drift amplitude increases. For a structure with rigid brace 
(i.e., b b 01k kα = → ∞ ), eff 01k k  approaches 1.0, which suggests the effects of the 
complex stiffness of the damper-brace component is less pronounced for a structure with 
stiff braces. 
Figure 11.33 shows the variation of the normalized first mode period ( eff 0T T ) of 
the D100V structure versus the loading frequency ( 2ω pi ) as the story drift amplitude (
mu ) varies. As illustrated, the shortening of the period increases as the frequency 
increases, and the shortening is greater for a smaller story drift amplitude than for a larger 
story drift amplitude. For b 015k k= , as the story drift amplitude varies from 0.5% to 2.0% 
of the story height, eff 0T T  is in the range of 0.94 to 0.98 at a loading frequency of 1.0 
Hz, and is in the range of 0.83 to 0.95 at a loading frequency range of 5.0 Hz. Therefore, 
the periods of the D100V structure with nonlinear viscous dampers is not constant. The 
period of the structure varies under dynamic loading due to the complex stiffness of the 
nonlinear viscous dampers in the structure, and the variation depends on the brace 
stiffness, the loading frequency, and the loading amplitude. 
Figure 11.34 shows the variation of effξ  versus the loading frequency ( 2ω pi ) for 
the D100V structure with different brace stiffness as the story drift amplitude ( mu ) varies. 
Figure 11.34 shows that: (1) the effect of the brace stiffness on effξ  is more significant 
for a smaller story drift amplitude, where the increase in effξ  as the brace stiffness 
increases is greater for the story drift amplitude of 0.5% of the story height than for the 
story drift amplitude of 2.0% of the story height; (2) the effect of the brace stiffness on 
effξ  decreases with decreasing frequency; and (3) larger damping ratios can be achieved 
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for higher frequency and lower amplitude loading. It can be observed from the figure that 
the effect of the brace stiffness on effξ  is significant when the brace is flexible ( b 015k k<
). The effect of the brace stiffness is not fixed, and depends on the frequency and 
amplitude of the loading. For a structure, with story drift amplitudes in the range of 0.5% 
to 2.0% of the story height, and a loading frequency less than 5.0 Hz, there is little 
change in eξ  for a brace stiffness b 0110k k= . 
 
11.4 Summary  
This chapter compared results from numerical simulations and the RTHS for the 
test structures with nonlinear viscous dampers. An equivalent linearization of the 
response of MRF structure with nonlinear viscous dampers was also developed and 
assessed. The results showed that modeling of nonlinear viscous damper properties and 
modeling of the elastic flexibility of the components in the complete damper force path 
must be account for the responses from the numerical simulations to accurately match the 
responses from the RTHS. The equivalent linearization of the nonlinear viscous damper 
response uses an equivalent linear elastic-viscous model which includes a linear elastic 
spring and a linear viscous dashpot. With this linearization, the effects of the elastic 
flexibility of the complete damper force path can be taken into account. As discussed in 
this chapter, the purpose of the equivalent linear elastic-viscous model is for use in the 
seismic design of structures with nonlinear viscous dampers. Analytical results using the 
equivalent linear elastic-viscous model show that a more flexible brace (more flexible 
force path) stiffens a structure and decreases the equivalent damping ratio provided by 
the dampers.  
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Figure 11.1 Comparison of floor displacement response between numerical simulation 
and RTHS of D100V structure under DBE record PTS315 


 
Figure 11.2 Comparison of damper deformation response between numerical simulation 
and RTHS of D100V structure under DBE record PTS315 
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Figure 11.3 Comparison of damper force response between numerical simulation and 
RTHS of D100V structure under DBE record PTS315 
 
 
Figure 11.4 Comparison of damper force-damper deformation hysteresis response 
between numerical simulation and RTHS of D100V structure under DBE record PTS315 
 
 
 
0 5 10 15 20 25 30 35
-500
-250
0
250
500
3r
d 
st
o
ry
 
 
RTHS
OpenSees
0 5 10 15 20 25 30 35
-500
-250
0
250
500
D
a
m
pe
r 
fo
rc
e
 
(kN
)
2n
d 
st
o
ry
 
 
RTHS
OpenSees
0 5 10 15 20 25 30 35
-500
-250
0
250
500
Time (s)
1s
t s
to
ry
 
 
RTHS
OpenSees
-30 -15 0 15 30
-500
-250
0
250
500
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
3rd story
 
 
RTHS
OpenSees
-30 -15 0 15 30
-500
-250
0
250
500
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
2nd story
 
 
RTHS
OpenSees
-30 -15 0 15 30
-500
-250
0
250
500
Damper deformation (mm)
D
a
m
pe
r 
fo
rc
e
 
(kN
)
1st story
 
 
RTHS
OpenSees
 535
 
Figure 11.5 Comparison of damper force-damper deformation hysteresis response 
between damper model predictions with measured damper deformations and damper 
force from RTHS of D100V structure under DBE record PTS315 
 
 
 
Figure 11.6 Comparison of story shear-story drift hysteresis response between numerical 
simulation and RTHS of D100V structure under DBE record PTS315 
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Figure 11.7 Comparison of axial force-story drift hysteresis response between numerical 
simulation and RTHS of D100V structure under DBE record PTS315 
 
 
 
Figure 11.8 Comparison of floor displacement response between numerical simulation 
and RTHS of D60V structure under MCE record H-BRA315 
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Figure 11.9 Comparison of damper deformation response between numerical simulation 
and RTHS of D60V structure under MCE record H-BRA315 


 
Figure 11.10 Comparison of damper force response between numerical simulation and 
RTHS of D60V structure under MCE record H-BRA315 
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Figure 11.11 Comparison of damper force-damper deformation hysteresis response 
between numerical simulation and RTHS of D60V structure under MCE record H-
BRA315 
 
 
 
Figure 11.12 Comparison of damper force-damper deformation hysteresis response 
between damper model predictions with measured damper deformations and damper 
forces from RTHS of D60V structure under MCE record H-BRA315 
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Figure 11.13 Comparison of story shear-story drift hysteresis response between 
numerical simulation and RTHS of D60V structure under MCE record H-BRA315 
 
 
 
Figure 11.14 Comparison of axial force-story drift hysteresis response between numerical 
simulation and RTHS of D60V structure under MCE record H-BRA315 
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Figure 11.15 Comparison of floor displacement response between RTHS and numerical 
simulations with flexible and rigid brace of D100V structure under DBE record PTS315 
 
 
 
Figure 11.16 Comparison of damper force-story drift hysteresis response between RTHS 
and numerical simulations with flexible and rigid brace of D100V structure under DBE 
record PTS315 
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Figure 11.17 Comparison of story shear-story drift hysteresis response between RTHS 
and numerical simulations with flexible and rigid brace of D100V structure under DBE 
record PTS315 

 
Figure 11.18 Comparison of column axial force-story drift hysteresis response between 
RTHS and numerical simulations with flexible and rigid brace of D100V structure under 
DBE record PTS315 
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Figure 11.19 Comparison of floor displacement response between RTHS and numerical 
simulations with flexible and rigid brace of D60V structure under MCE record H-
BRA315 
 
 
 
Figure 11.20 Comparison of damper force-story drift hysteresis response between RTHS 
and numerical simulations with flexible and rigid brace of D60V structure under MCE 
record H-BRA315 
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Figure 11.21 Comparison of story shear-story drift hysteresis response between RTHS 
and numerical simulations with flexible and rigid brace of D60V structure under DBE 
record H-BRA315 
 
 
 
Figure 11.22 Comparison of column axial force-story drift hysteresis response between 
RTHS and numerical simulations with flexible and rigid brace of D60V structure under 
DBE record H-BRA315 
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Figure 11.23 SDOF analytical model of one-story structure with nonlinear viscous 
damper 
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Figure 11.24 Equivalent linear elastic-viscous model for damper-brace component 
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          (a) Characterization test                            (b) Damper model prediction  
Figure 11.25 Frequency response of damper force and damper deformation from 
characterization test with harmonic damper deformation with frequency of 1.0 Hz 

  
          (a) DBF harmonic test                               (b) Damper model prediction 
Figure 11.26 Frequency response of story drift, damper deformation, and damper force in 
first story of DBF from harmonic test with frequency of 1.0Hz 

              
      (a) Damper model prediction with α=0.2       (b) Damper model prediction with α=0.8            
Figure 11.27 Frequency response of story drift, damper deformation, and damper force 
from the damper model prediction as nonlinearity of the damper in the damper-brace 
component 
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Figure 11.28 Predefined floor displacement time histories 
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(c)  Displacement history with frequency of 2.0 Hz
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(a) Comparison of damper force time history 
 
 
 (b) Comparison of damper force-story drift hysteresis loop 
Figure 11.29 Comparison of test results and equivalent linear elastic-viscous model 
results for harmonic tests with frequency = 0.5Hz 
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(a) Comparison of damper force time history 
 
 
 
 (b) Comparison of damper force-story drift hysteresis loop 
Figure 11.30 Comparison of test results and equivalent linear elastic-viscous model 
results for harmonic tests with frequency = 1.0Hz 
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(a) Comparison of damper force time history 
 
 
 
(b) Comparison of damper force-story drift hysteresis loop 
Figure 11.31 Comparison of test results and equivalent linear elastic-viscous model 
results for harmonic tests with frequency = 2.0Hz 
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Figure 11.32 Effects of brace stiffness on effective stiffness of structure with nonlinear 
viscous dampers 
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Figure 11.33 Variation of natural period of the D100V structure with respect to the 
frequency of the harmonic input with different story drift amplitudes 
 
 
 
 
Figure 11.34 Effects of brace stiffness on equivalent damping ratio of structure with 
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Chapter 12  
Simplified Design Procedure for Steel MRF Structure with Nonlinear Viscous 
Dampers under Seismic Loading 
 
12.1 General  
In this chapter, a simplified design procedure (SDP) is presented for performance-
based design of new steel MRF buildings with nonlinear viscous dampers. The SDP uses 
an effective stiffness and equivalent damping for a multi degree-of-freedom (MDOF) 
model of the MRF building, which is established using a linearized model of the 
nonlinear damper behavior. The SDP is an integrated design process for the steel MRF 
and the damping system (damping devices and the associated bracing). The results 
presented in this chapter show that performance objectives for the SDP can be selected 
and achieved using a MRF designed with smaller base shear design strength than a 
conventional MRF.   

12.2 ASCE 7-10 Design Requirements for Structure with Added Damping System  
For the purpose of comparison with the SDP, this section summarizes the ASCE 
7-10 (ASCE 2010) design requirements for a structure with added dampers. The ASCE 7-
10 requirements for a structure with a damping system have two objectives: (1) achieve 
life safety, and (2) limit damage to the seismic force-resisting system (SFRS) in a major 
earthquake. To meet the first performance objective, the damping system (damping 
devices and the associated bracing to transfer forces from the damping devices to the 
seismic mass degrees-of-freedom (DOF)) is required to sustain forces associated with 
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MCE ground motions. To meet the second performance objective, minimum design 
criteria, comparable to those for a structure with a conventional SFRS, are provided. 
ASCE 7-10 addresses these objectives with the following general design requirements:  
• Structures with a damping system are required to have a SFRS that provides a 
complete force path. The SFRS must comply with the design requirements of 
ASCE 7-10, except that the damping system may be used to meet drift limits. 
• The base shear design strength used to design the SFRS should not be less than 75% 
of the base shear design strength used to design a similar conventional SFRS 
without dampers. 
• Components of the damping system, other than damping devices, should be 
designed to remain essentially elastic for design forces including the forces from 
the damping devices. 
 
12.3 ASCE 7-10 Analysis Methods for Structure with Added Damping System  
This section summarizes the analysis methods for a structure with added dampers 
in ASCE 7-10. ASCE 7-10 outlines linear analysis procedures (i.e., the equivalent lateral 
force (ELF) procedure and the response spectrum analysis (RSA) procedure) and a 
nonlinear analysis procedure (i.e., the nonlinear time history response analysis procedure) 
for seismic design of a structure with added damping devices. The ELF and RSA 
procedures are permitted for a structure with a damping system when: (1) the damping 
system has at least two damping devices in each story in the direction of interest, which 
are configured to resist torsion; (2) the total effective damping of the fundamental mode 
of the structure in the direction of interest is not greater than 35% percent of critical; and 
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(3) the usual limitations for using the ELF and RSA procedures for conventional 
structures are satisfied. 
According to ASCE 7-10, the effective stiffness (i.e., secant stiffness) and 
effective damping (i.e., including inherent damping, viscous damping, and hysteretic 
damping) at the effective fundamental period of the structure should be used in either the 
ELF or RSA procedure. The effective stiffness should be based on an idealized nonlinear 
characterization (i.e., idealized pushover capacity curve expressed in terms of base shear 
and roof displacement) of the structure. The assumption is that structures with damping 
devices are expected to yield during a strong earthquake ground motion, and therefore, 
the hysteretic damping from the post-yield hysteretic behavior of the SFRS, as well the 
damping effect of the damping devices, should be included. Figure 12.1 shows a 
schematic of the procedure, which requires an iterative process to obtain the final base 
shear and displacement depending on the effective period, ductility demand, and effective 
damping.  
The RSA and ELF procedures for analysis of a structure with added dampers in 
ASCE 7-10 (Ramirez et al. 2000; Whittaker et al. 2003) are compatible with nonlinear 
static analysis procedures (FEMA 440 (FEMA 2005)) for conventional structures. The 
work presented in this chapter, however, investigates if these procedures could be 
simplified, to eliminate the need for nonlinear analysis. To simplify the analysis process 
for seismic design of a steel MRF building with nonlinear viscous dampers, a simplified 
design procedure (SDP) is proposed, shown schematically in Figure 12.2. The SDP is 
expected to be compatible with and provide accuracy similar to the linear-analysis-based 
procedures of ASCE 7-10 for conventional SFRS.  
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12.4 Response Coefficients (R, Cd, Ω0) in Seismic Design 
Seismic design provisions use system response coefficients to estimate the 
strength and displacement demands on a SFRS that is designed using linear analysis 
methods. The response coefficients include the response modification factor, R, the 
overstrength factor, Ω0, and the displacement amplification factor, Cd. The response 
modification factor, R, is used to reduce the seismic base shear design strength from the 
base shear demand required to maintain a structure in the elastic range. The displacement 
amplification factor, Cd, is used to compute the expected inelastic displacement from the 
elastic displacement corresponding to the seismic base shear design strength. A number 
of studies (e.g., Newmark and Hall 1982; Uang 1991; Miranda and Bertero 1994; 
Miranda 1997; Whittaker et al. 1999) showed that the value of R (i.e., the strength 
reduction for seismic design) is related to the ductility demand (µ), the natural period of 
the structure, the damping ratio of the structure, and the characteristics of the ground 
motion input. R varies widely from one ground motion to another for a given value of µ, 
however, under many conditions, the median value of R and the median value of µ are 
approximately equal when the median values of µ are relatively small, which leads to the 
equal displacement approximation (Newmark and Hall 1982). The equal displacement 
approximation suggests that dR C µ= = .  
The response coefficients specified in current seismic design provisions have been 
studied by past research (Bertero 1986, Rojahn 1988, Tso and Naumoski 1991, Uang et 
al. 1993), and a rational basis for determining these response coefficients has been 
identified as a way to improve the reliability of structural systems under seismic loading. 
FEMA P695 (FEMA 2009) presents a recommended methodology for quantifying 
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building system response coefficients (R, Ω0, Cd) for use in seismic design using linear 
analysis procedures (e.g., ELF and RSA).  
In this research, the SDP is based on the equal displacement approximation, under 
the assumption that limited ductility demand on the SFRS is expected under DBE and 
MCE level ground motions, so that the equal displacement approximation is expected to 
be reasonably accurate.  
 
12.5 Simplified Design Procedure (SDP) for MRF Structure with Nonlinear Viscous 
Dampers 
12.5.1. Overview of SDP 
To be consistent with the analysis procedures in ASCE 7-10 for seismic design of 
conventional structures without dampers, the SDP uses an analysis of a linear model of 
the seismic force-resisting system (SFRS) (i.e., the MRF) and an equivalent linearized 
model of the damping system. Unlike the current analysis procedures for a structure with 
added dampers in ASCE 7-10, where the effective period and effective damping ratio are 
computed as a function of the ductility demand on the structure, the SDP has the 
following characteristics: 
(1) The SDP performs an integrated design of the steel MRF and the damping 
system (e.g., damping devices and the associated bracing) for performance objectives 
defined in terms of story drift. 
(2) The SDP uses the initial stiffness of a linear elastic model of the MRF to 
determine the mode shapes and natural frequencies (periods) of the system. 
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(3) The SDP includes the flexibility of the damping system and idealizes the 
nonlinear viscous damper and associated bracing (termed the nonlinear viscous damper-
brace component) as an equivalent linear elastic-viscous model.   
(4) The SDP uses an estimate of the effective period and effective equivalent 
damping of the MRF with the damping system based on the initial stiffness of the MRF, 
the inherent damping of the building, and the equivalent stiffness and equivalent viscous 
damping of the linear elastic-viscous model.  
(5) The SDP uses the equal displacement approximation to predict the 
displacement response (i.e., dC Rµ= = ) and does not include a complex calculation of 
the ductility demand and associated hysteretic damping of a nonlinear model of the MRF 
as in current procedures of ASCE 7-10.  
(6) The SDP uses the ELF or RSA procedure for linear analysis of the MRF with 
the damping system, which is consistent with the current analysis methods in ASCE 7-10 
for a conventional MRF.  
 
12.5.2. Steps of SDP 
Figure 12.3 shows the schematic of the SDP. The steps of the SDP are as follows: 
Step 1. Establish target seismic performance objectives and design criteria in 
terms of story drift. Performance objectives specified in ASCE 41-06 can be considered, 
such as the basic safety objective of “Life Safety” performance under the DBE and 
“Collapse Prevention” performance under the MCE; or enhanced objectives can be 
considered, such as “Immediate Occupancy” performance under the DBE and “Life 
Safety” performance under the MCE. Here, three design criteria are established for the 
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basic safety objective (BSO): (1) limit the peak story drift ratio to 2.5% rad and the 
residual story drift ratio to 1.0% rad under the DBE; (2) limit the peak story drift ratio 
and the residual story drift ratio to 5.0% rad under the MCE; (3) keep the bracing and 
connections associated with the dampers linear elastic under the DBE ground motion. 
Higher performance objectives, with smaller story drift limits, can be established if 
desired.  
Step 2. Design MRF for a specified level of base shear design strength. The MRF 
is designed to satisfy the strength criteria for a conventional MRF from seismic design 
provisions, such as ASCE 7-10, and the characteristics of the MRF (e.g., initial stiffness, 
mode shapes, and natural frequencies) are obtained. 
Step 3. Determine damper placement configuration in structure and estimate 
appropriate value for b b 0k kα = . Based on the damper placement configuration in the 
structure, bk  is the overall stiffness of the associated bracing in the damping system in the 
global horizontal direction. Therefore, bk  represents the total flexibility of the 
components in the complete damper force path, such as the braces, brace-gusset 
connections, damper-brace connections, damper-beam connections, and the shortening 
and elongation of the columns of the damping system. 0k  is the MRF story stiffness in the 
global horizontal direction. bα  is used as an index for the flexibility of the complete 
damper force path. In general, b 10α ≥  is recommended to provide a relatively stiff 
design of the bracing to ensure the effectiveness of the damping devices. 
Step 4. Size dampers to meet story drift criteria established in Step 1. As the MRF 
is designed only for the base shear design strength determined in Step 2, damping devices 
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are added and sized to control the story drifts. An elastic-static analysis procedure 
(ESAP) can be used for the analysis needed to determine the damper properties. The 
ESAP idealizes the nonlinear viscous damper-brace component (as described in Section 
12.5.1) as an equivalent linear elastic-viscous model, and using this model, the effective 
stiffness and equivalent damping of the structure can be estimated. The details of the 
ESAP will be discussed later in this chapter. 
The story drift criteria established in Step 1 should be satisfied by the MRF with 
the selected damper sizes. As shown in Figure 12.3, the dampers can be increased in size 
if needed. If unpractical dampers sizes are required to meet the drift criteria, then the 
MRF should be re-designed with an increased level of base shear design strength, 
otherwise the story drift criteria in Step 1 should be re-established. 
Step 5. Design of damping system. With the damper sizes established in Step 4 
and the story drift criteria established in Step 1, the bracing of the damping system can be 
designed for the maximum expected damper force for the specified story drift. The design 
of the damping system includes the design details for the braces, beams, columns, brace-
beam-column connections, brace-damper connections, and damper-beam connections. 
The overall flexibility (i.e., bα ) of the complete damper force path should be assessed. 
The procedure should go back to Step 4 to resize the dampers for a smaller bα  if the 
actual value of bα  for the as-designed damping system is smaller than the value 
established in Step 3. 
Step 6. Check strength of MRF. The MRF was designed for the specified level of 
base shear design strength in Step 2, which did not account for the effects of the damper 
forces on the MRF. The in-phase behavior of the damper forces with the story drifts 
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could increase internal forces in the columns of the MRF, which requires the strength of 
the columns of the MRF to be checked for the effects of damper forces. The MRF should 
be strengthened if needed.  
 
12.5.3. Elastic-static Analysis Procedure for MRF Structure with Nonlinear Viscous 
Dampers 
The elastic-static analysis procedure (ESAP) used in Step 4 of the SDP is as 
follows: 
Step A1. Equivalent linearization of nonlinear viscous damper-brace component 
as an equivalent linear elastic-viscous model. The equivalent linearization is described in 
Section 11.3. For a specified target story drift, the equivalent effective stiffness 
eqk  and 
viscous damping coefficient 
eqC  for the equivalent linear elastic-viscous model in each 
story can be determined as described in Section 11.3. 
Step A2. Eigenvalue analysis of structure (i.e., MRF with added dampers) using 
the equivalent linear elastic-viscous model for nonlinear viscous damper-brace 
component. The total stiffness matrix of the structure, tK , should be updated by 
including the equivalent effective stiffness of the equivalent linear elastic-viscous model 
for the damping system, 
eqK , as follows, t 0 eq= +K K K , where 0K  is the initial stiffness 
matrix of the MRF. With the updated tK , the updated mode shapes and natural 
frequencies of the structure can be obtained through eigenvalue analysis.  
Step A3. Calculate equivalent damping ratio 
eqξ using lateral force energy 
method (Sause et al. 1994) as: 
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where 1ω is the undamped natural circular frequency of the structure with added dampers 
for the first mode; 1Φ  is the mode shape for the first mode and ,1iφ  is the mode 
coordinates at the ith floor of 1Φ ; tK is the effective stiffness matrix of the MRF with 
added dampers, from Step A2;  
eq ,iC is the damping coefficient for the equivalent linear 
elastic-viscous model of ith story based on the specified target story drift limit. The 
effective damping effξ of the structure equals the sum of the equivalent damping eqξ and 
inherent damping of the building Iξ . 
Step A4. Equivalent lateral force (ELF) procedure or response spectrum analysis 
(RSA) procedure for linear analysis of MRF with added dampers. In this research, the 
ELF procedure was used to estimate the seismic base shear and floor displacement 
response of the structure with added dampers. The equivalent damping (Equation 12.1) 
was based on the first mode frequency and mode shape of the structure. The seismic base 
shear ( V ) and equivalent lateral forces ( ELFF ) based on the first mode shape can be 
calculated as follows: 
1
1
sV C WB
Γ
=
                                                                                                      (12.2) 
1
ELF 1
1
sC WB
Γ
= ⋅F Φ
                                                                                            (12.3) 
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where 1Γ  is the modal participation factor of the first mode; 1B  is the damping coefficient 
for effective damping effξ ; W is the seismic weight of the structure; sC  is the seismic 
response coefficient determined as follows: 
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where 0.6sT =  seconds. Since the purpose of the analysis is to determine the floor lateral 
displacements and the corresponding story drifts, the response modification factor R is 
taken as 1.0R = , when the equal displacement approximation is used to establish the for 
floor displacements. Static analysis should be performed under the equivalent lateral 
forces from Equation 12.3 to estimate the floor displacements. 
The RSA procedure of ASCE 7-10 also can be used to estimate the seismic base 
shear and floor displacements if more modes should be included in analysis. Similar to 
the ELF procedure, the damping coefficient 1B  should be based on the initial period of 
the first mode, and 1.0R =  can be used.  
Steps A1 through A4 of the ESAP should be repeated for each set of trial damper 
sizes until the story drift criteria are met. The ESAP uses only linear static analysis based 
on the widely-used ELF procedure and RSA procedure, which enables a preliminary 
evaluation of seismic performance of the MRF with added dampers, in terms of story 
drift, without complex nonlinear analyses. 
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12.6 Validation of SDP for 4-story Steel MRFs with Nonlinear Viscous Dampers 
12.6.1. Design of 4-story Steel MRFs  
The SDP is validated for a 4-story example steel MRF building with nonlinear 
viscous dampers. The example building is assumed to be located at the same site, and has 
the same floor plan, as the 3-story prototype building described in Chapter 4. The 
example building has the same gravity load conditions and seismic floor masses as the 3-
story prototype building. Figure 12.4 shows the floor plan and section view of the 4-story 
example MRF building with nonlinear viscous dampers. The building has 8 perimeter 
MRFs to resist lateral forces. Unlike the 3-story prototype buildings in Chapter 4, the 
dampers are placed directly in each story of the MRFs of the example building. The 
design of the 4-story example building will focus on the design of a single-bay MRF with 
nonlinear viscous dampers placed directly in each story of the MRF.  
To compare the seismic response and performance of the MRF building without 
dampers with the MRF building with dampers, three types of MRFs are designed for the 
building: (1) two special moment resisting frames (SMRF) without dampers, denoted 
SMRF-A and SMRF-B; where SMRF-A is designed to satisfy the strength criteria of 
ASCE 7-10 and a story drift limit of 1.5% radians, and SMRF-B is designed to satisfy the 
strength criteria of ASCE 7-10 and a story drift limit of 2.0% radians; (2) MRFs that 
satisfy the strength criteria of ASCE 7-10 and use nonlinear viscous dampers to control 
the story drift, denoted MRF-D100V, which is designed to resist 100% of the required 
base shear design strength of ASCE 7-10 without satisfying the story drift limit; (3) 
MRFs designed for reduced base shear design strength and use nonlinear viscous 
dampers to control the story drift, denoted MRF-D75V, MRF-D60V, MRF-D50V, and 
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MRF-D40V, which are designed to resist 75%, 60%, 50%, and 40% of the required base 
shear design strength of ASCE 7-10, respectively. 
The required base shear design strength of the SMRF-A and SMRF-B, MRF-
D100V, MRF-D75V, MRF-D60V, MRF-D50V, and MRF-D40V was determined using 
the ELF procedure based on an estimated design period des 0.9T =  seconds for the 4-story 
MRF building, the strength reduction factor 8R = , and the ASCE 7-10 design response 
spectrum (with parameters 1.0DSS g=  and 1 0.6DS g= ). The members of the MRFs were 
sized for the strength criteria through elastic analysis with the load combinations 
described in Chapter 4 using the SAP 2000 program. ASTM A992 steel beams were 
selected for the MRF so that the lightest section with a section modulus equal to or 
slightly greater than the required section modulus, according to with AISC 360-10, were 
selected. ASTM A992 steel W14 sections were used for the columns. Considering a 
standard available length of 30 ft for the steel members, the same section was used for the 
columns in the first and second stories, and the same section was used for the columns in 
the third and fourth stories. For SMRF-A and SMRF-B, the member sections were 
increased to satisfy the 1.5% and 2.0% rad story drift limits with the displacement 
amplification factor Cd=5.5, respectively. Table 12.1 gives the sections and the associated 
weight of the MRFs. MRF-D75V, MRF-D60V, MRF-D50V, MRF-D40V are 14%, 27%, 
37%, and 42% lighter than MRF-D100V, respectively, while MRF-D100V is 49% and 
37% lighter than SMRF-A and SMRF-B, respectively. 
The design of a MRF with a reduced base shear design strength and added 
dampers is illustrated schematically in Figure 12.5. In the figure, the vertical axis is the 
spectral acceleration used to calculate the base shear, and the horizontal axis is spectral 
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displacement which corresponds to the story drift. The idealized base shear versus roof 
displacement response of a MRF designed for the full base shear design strength and a 
MRF designed with a reduced base shear design strength are shown schematically in 
terms of spectral acceleration and spectral displacement. The actual response 
modification factor, actR , for the MRFs can be calculated as act a,T a,YR S S= , where a,TS  
is the design spectral acceleration at the first period of the structure, 1T , and ,YaS is the 
spectral acceleration corresponding to the base shear that causes initial yielding of the 
MRF under a pattern of lateral force based on the first mode shape. Since the MRFs are 
assumed to be designed for strength using ASCE 7-10 and the LRFD method of AISC 
360-10, actR  accounts for inherent material overstrength and the effects of resistance 
factors in the LRFD method. The response reduction due to the effective damping 
introduced by the added dampers is shown by the damping coefficient, 1B . The response 
reduction due to the yielding of the MRF along with the effective damping is shown by 
the factor ' act 1R R B= . ' 1R =  for an elastic structure, and ' 1R >  for an inelastic structure 
(due to yielding of the MRF). The equal displacement approximation (Newmark and Hall 
1982) is used to estimate the inelastic displacement response from the elastic 
displacement response.  
Table 12.2 gives the properties of the MRFs, including the base shear design 
strengths at the design period, desV (from Equation 12.2, with 1 1.0Γ = , 1 1.0B = , and 
des 0.9T =  seconds); the modal periods, nT  ( 1, 2, 3, 4n= ); the story drifts based on the 
displacement amplification factor d 5.5C = , desθ ; the story drifts at initial yielding of the 
MRF, yθ ; and the actual response modification factors, actR . yθ  is the story drift from 
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analysis with a pattern of lateral force ( E ) based on the first mode shape with increasing 
magnitude, along with constant gravity loads (  and D L ), using the load combination 
1.4 0.5 1.0D L E+ + , until initial yielding occurs in the beams of the MRF. It is seen that 
the MRFs have similar values of yθ . SMRF-A and SMRF-B have smaller actR  than each 
of the other MRF. actR  increases as the of base shear design strength decreases from the 
MRF-D100V to the MRF-D40V. 
 
12.6.2. Damper Arrangement and Nonproportional Damping 
12.6.2.1. Damper Arrangement 
To control the story drifts of the MRF-D100V, MRF-D75V, MRF-D60V, MRF-
D50V, MRF-D40V structures, nonlinear viscous dampers were added and sized for the 
MRFs using the SDP. A practical arrangement of dampers in a structure is often based on 
an assumption that the effectiveness of each damper is proportional to the peak damper 
deformation or peak damper velocity (i.e., the damper deformation rate, which is the 
relative velocity over the damper length). Past research has studied methods of arranging 
dampers. Ashour (1987) suggested placing dampers at the locations that will maximize 
the damping ratio for the fundamental mode of a multi-story building structure. Hahn and 
Sathiavageeswaran (1992) investigated damper arrangements in shear buildings with 
uniform story stiffness and showed that dampers should be placed in the lower stories. 
Zhang and Soong (1992) proposed a sequential procedure for the optimal placement of 
viscoelastic dampers in a structure. Garcia (2001) advanced this sequential procedure and 
proposed a simplified sequential search algorithm for optimal locations of linear viscous 
dampers. Damper arrangement methods based on control theory and optimization 
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algorithms have been proposed, such as a method using a linear quadratic regulator 
(Gluck et al. 1996), a method of minimizing the sum of the amplitudes of transfer 
functions of the story drifts (Takewaki 1997), and a gradient based algorithm (Singh and 
Moreschi 2001, 2002; Wongprasert and Symans 2004). Ribakov and Gluck (1999) 
showed that the optimal arrangement of damping coefficients for a seven-story shear 
building is proportional to the story stiffness. Takewaki (1997) showed that for a six-
story shear building with a uniform distribution of mass and story stiffness, the optimal 
damper locations are in the lower stories where the largest story drifts occur; and for a 
six-story shear building with uniform distribution of story drifts, the optimal damper 
arrangement is an almost uniform distribution of dampers with uniform properties.  
In this study, the effects of damper arrangement on the dynamic properties of the 
4-story example MRF building are investigated through eigenvalue and eigenvector 
analysis of a state-space representation of the MRF with the dampers (Appendix 1). 
Three cases of damper arrangement in the MRF are studied: Case-1, story stiffness 
proportional dampers; Case-2, uniform dampers; and Case-3, nonproportional dampers. 
In Case-1, the dampers are arranged so that the damping coefficients are proportional to 
the story stiffnesses of the MRF structure without dampers; in Case-2, the dampers are 
arranged so that the damping coefficients are the same in each story of the structure; and 
in Case-3, the dampers are arranged so that the damping coefficients in the second, third, 
and fourth stories are two, three, and two times the damping coefficient in the first story, 
respectively. In the state-space representation of the MRF with the dampers, the braces 
that connect the dampers to seismic mass DOF are assumed to be rigid. The story 
stiffness of the MRF is represented by an elastic spring, and the damper in each story of 
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the structure is represented by a dashpot with a damping coefficient  ( 1, 2, 3, 4)iC i = , as 
shown in Figure A1.1(a). Therefore, the structure is idealized as having four lateral DOF 
at each floor level. The model does not include the inherent damping of the building. 
 
12.6.2.2. Nonproportional Damping 
Figure 12.6 through Figure 12.8 show the eigenvectors of the MRF-D100V 
structure with the three cases of damper arrangement. The real and imaginary parts of the 
eigenvectors are plotted together in the figures. The eigenvectors are obtained from 
eigenvalue analysis of the damped structure and are normalized so that the component at 
fourth floor has a unit value. Note that the eigenvectors are complex, as expected for a 
structure with nonproportional damping. The real and imaginary parts of the eigenvectors 
are not proportional and the eigenvectors cannot be normalized into a real-valued vector. 
As can be seen, the magnitude of the imaginary part of each eigenvector increases with 
the damping ratio for all three cases of damper arrangement, and is most obvious for the 
Case-3 damper arrangement (Figure 12.8). 
Figure 12.9 shows the effects of damper arrangement on damping ratio and 
pseudo-undamped natural circular frequency of the MRF-D100V structure with dampers 
and associated rigid bracing. Figure 12.9(a) shows the first mode damping ratio ( 1ξ ) 
versus the total added damping coefficient (
4
1
i
i
C
=
∑ ) of the structure. It is seen that the first 
mode damping ratio of the structure with the Case-1 damper arrangement increases 
nearly linearly with an increase in the damping coefficients, while the first mode damping 
ratios of the structure with the Case-2 and Case-3 damper arrangements increase 
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nonlinearly with an increase in the damping coefficients. Overall, Figure 12.9(a) shows 
that the first mode damping ratio for the structure with dampers depends on the size and 
arrangement of the dampers in the structure, although that the effect of the damper 
arrangement on the damping ratio is small when the damping ratio is smaller than 40%. 
This result suggests that within a practical damping ratio range for the MRF-D100V 
structure, the arrangement of dampers is not that impactful. Figure 12.9(b) shows the first 
mode pseudo-undamped natural circular frequency ( 1ω ) normalized by natural circular 
frequency ( 1,0ω ) of the MRF-D100V structure without dampers versus the total added 
damping coefficient (
4
1
i
i
C
=
∑ ) of the structure. It is seen that 1 1,0ω ω  is greater than 1.0 and 
increases with an increase in the damping coefficients. The increase is most obvious for 
the Case-3 damper arrangement. These results show that the pseudo-undamped natural 
circular frequency of a structure with added nonproportional damping will be greater than 
the natural circular frequency of the structure without added damping.  
To study the effects of brace stiffness on the damping ratio and pseudo-undamped 
natural circular frequency of the MRF-D100V structure with dampers and associated 
bracing, the flexibility of the bracing was included in the state-space representation of the 
4-story MRF with the dampers. The dampers and associated bracing in each story of the 
structure are represented by a dashpot with damping coefficient  ( 1, 2, 3, 4)iC i = and an 
elastic spring in series. The 4-story structure is idealized as having eight DOF, with four 
lateral DOF at each floor level and four DOFs between the dashpot and spring, as shown 
in Figure A1.1(b). The model does not include the inherent damping of the building. 
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Figure 12.10 through Figure 12.12 show the effects of brace stiffness on the first 
mode damping ratio and pseudo-undamped natural circular frequency of the MRF-
D100V structure with the three cases of damper arrangement. It is seen that the brace 
stiffness has negligible effect on the damping ratio when the damping ratio is less than 
20% for each damper arrangement; however, flexible braces, for example, with brace 
stiffness equal to one or two times the first story stiffness of the MRF (i.e., b 01k k=  or  
b 012k k= ), will limit the damping  ratio provided by the added dampers, and sharply 
increase the pseudo-undamped natural circular frequency of the structure for each damper 
arrangement. The results from Figure 12.10 through Figure 12.12 suggest that a brace 
stiffness greater than five times the first story stiffness of the MRF (i.e., b 015k k= ) will 
enable a high level of damping ratio to be reached and keep the pseudo-undamped natural 
circular frequency close to the natural circular frequency of the structure without 
dampers.  
 
12.6.3. Dynamic Analysis Results and Performance Evaluation 
Nonlinear viscous dampers were added and sized for the various MRF designs 
using the SDP to limit the story drift to be less than either 1.5% or 2.0% radians under the 
DBE. Case-1 and Case-2 damper arrangement described in Section 12.6.2 were used. A 
stiffness of b 01 10k k =  was used. Table 12.3 through Table 12.6 show the properties of 
the MRF structures with added dampers. The story drifts, added damping from the 
dampers (Equation (12.1)), damping coefficient, 1B , and the value of ' act 1R R B=  from 
the SDP are given in the tables.  
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Nonlinear dynamic time history analyses (NDTHA) were performed using a set of 
eight ground motions to assess the seismic response and performance of the MRF 
structures with nonlinear viscous dampers. Table 12.7 gives the set of eight ground 
motions, which is a subset of the set of 40 ground motions described in Chapter 6. The 
ground motions were scaled to the DBE and MCE levels, as described in Chapter 6. 
Nonlinear models for the 4-story MRF structures were similar to the model for the 3-
story test structure described in Chapter 7. The numerical simulations (NDTHA) used the 
OpenSees program. The seismic responses are quantified in terms of story drifts, beam 
and column plastic rotations, floor accelerations, and column internal forces. 
 
12.6.3.1. Story Drift Response 
Table 12.8 through Table 12.11 compare mean peak story drifts from the NDTHA 
with story drifts from the SDP (using ELF) for the MRFs with nonlinear viscous dampers 
sized for 1.5% rad story drift under the DBE. Table 12.12 through Table 12.15 compare 
mean peak story drifts from NDTHA with story drifts from the SDP (using ELF) for the 
MRFs with nonlinear viscous dampers sized for 2.0% rad story drift under the DBE. It is 
shown that the story drifts from the SDP are close to the mean peak story drifts from the 
NDTHA under the DBE or the MCE. For the MRFs with the Case-1 damper 
arrangement, the maximum mean peak story drifts from the NDTHA of various MRFs 
(i.e., MRF-D100V-a, MRF-D75V-a, MRF-D60V-a, MRF-D50V-a, MRF-D40V-a with 
dampers sized for 1.5% rad story drift, and MRF-D100V-c, MRF-D75V-c, MRF-D60V-
c, MRF-D50V-c, MRF-D40V-c with dampers sized for 2.0% rad story drift) are less than 
the results from the SDP and therefore satisfy the 1.5% (Table 12.8) and 2.0% (Table 
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12.12) rad story drift under the DBE ground motions, respectively. For the MRFs with 
the Case-2 damper arrangement, except the MRF-D50V-b and MRF-D40V-b structures, 
the maximum mean peak story drifts from the NDTHA of the various MRFs (i.e., MRF-
D100V-b, MRF-D75V-b, and MRF-D60V-b with dampers sized for 1.5% rad story drift, 
and MRF-D100V-d, MRF-D75V-d, MRF-D60V-d, MRF-D50V-d, MRF-D40V-d with 
dampers sized for 2.0% rad story drift) are less than the results from the SDP and 
therefore satisfy the 1.5% (Table 12.10) and 2.0% (Table 12.14) rad story drift under the 
DBE ground motions, respectively. 
However, differences in the story drift response of the MRFs with the two cases 
of damper arrangement can be seen. For the MRFs with the Case-1 damper arrangement, 
the distribution over the stories of the mean peak story drifts from the NDTHA are 
similar to the results from the SDP, i.e., the maximum mean peak story drifts are located 
in the upper stories of the structure. For the MRFs with the Case-2 damper arrangement, 
the lower stories have the maximum mean peak story drifts, and are slightly larger than 
the results from the SDP. Figures 12.13 through Figure 12.16 show the normalized error 
between the results from the SDP and the mean peak results from the NDTHA. The 
normalized error is calculated as ( )SDP NDTHA SDP 100%Error θ θ θ= − × , where SDPθ  is the 
story drift from the SDP and NDTHAθ  is the mean peak story drift from the NDTHA. The 
value of the error is positive when SDP NDTHAθ θ>  and a positive error value indicates the 
SDP gives the conservative story drift results compared to the results from the NDTHA, 
and a negative error value indicates the SDP gives unconservative results.  
Figure 12.13 shows that the SDP gives similar or slightly conservative results for 
each story of the MRFs sized for 1.5% rad story drift with the Case-1 damper 
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arrangement, and the SDP gives conservative results for upper stories and unconservative 
results for lower stories of the MRFs sized for 1.5% rad story drift with the Case-2 
damper arrangement under the DBE ground motions. Figure 12.14 shows that the SDP 
gives similar results for each story of the MRF-D100V-a, MRF-D75V-a, and MRF-
D60V-a structures and unconservative results for the lower stories of the MRF-D50V-a 
and MRF-D40V-a structures, and the SDP gives conservative results for upper stories 
and unconservative results for lower stories of the MRFs with the Case-2 damper 
arrangement under the MCE ground motions. Figure 12.15 shows that the SDP gives 
conservative results for each story of the MRFs sized for 2.0% rad story drift with the 
Case-1 damper arrangement, and the SDP gives conservative results for upper stories and 
similar results for lower stories of the MRFs sized for 2.0% rad story drift with the Case-
2 damper arrangement under the DBE ground motions. Figure 12.16 shows that the SDP 
gives similar results for each story of the MRFs sized for 2.0% rad story drift with the 
Case-1 damper arrangement, and the SDP gives conservative results for upper stories and 
unconservative results for lower stories of the MRFs sized for 2.0% rad story drift with 
the Case-2 damper arrangement under the MCE ground motions.  
Overall, the SDP gives story drift results closer to the results from the NDTHA 
for the MRFs with the Case-1 damper arrangement than for the MRFs with the Case-2 
damper arrangement under the DBE and MCE ground motions. The SDP gives similar 
accuracy for the MRFs sized with 1.5% rad story drift and the MRFs sized with 2.0% rad 
story drift. 
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12.6.3.2. Local Plastic Rotation Response 
The column plastic rotations and beam plastic rotations under the DBE and MCE 
ground motions are examined here. Figure 12.17 compares the mean peak first story 
column plastic rotations for the MRFs with dampers sized for 1.5% rad story drift the 
mean peak first story column plastic rotation for SMRF-A, from the NDTHA. Under the 
DBE ground motions, SMRF-A and the MRFs with dampers (both with the Case-1 and 
Case-2 damper arrangement) have very small column plastic rotations (less than 0.1% 
radians), which indicates the first story columns of SMRF-A and the MRFs with dampers 
remained essentially elastic. Under the MCE ground motions, the mean peak column 
plastic rotations of the first story columns are 0.12%, 0.17%, 0.30%, 0.30%, and 0.34% 
rad for the MRF-D100V-a, MRF-D75V-a, MRF-D60V-a, MRF-D50V-a, and MRF-
D40V-a structures, respectively, and are 0.28%, 0.32%, 0.43%, 0.51%, and 0.58% rad for 
the MRF-D100V-b, MRF-D75V-b, MRF-D60V-b, MRF-D50V-b, and MRF-D40V-b 
structures, respectively, which are larger than the mean peak column plastic rotation of 
0.12% rad for SMRF-A. The results show that the value of the mean peak column plastic 
rotation for the MRFs with dampers increases as the base shear design strength decreases.  
Figure 12.18 and Figure 12.19 compare the mean peak beam plastic rotations for 
the MRFs with dampers sized for 1.5% rad story drift with the same results for SMRF-A 
from the NDTHA under the DBE and MCE ground motions, respectively. Figure 
12.18(a) and Figure 12.19(a) show that the MRFs with the Case-1 damper arrangement 
have smaller mean peak beam plastic rotations than SMRF-A under the DBE and MCE 
ground motions. Figure 12.18(b) and Figure 12.19(b) show that the mean peak beam 
plastic rotations of the MRFs with the Case-2 damper arrangement are larger for the first 
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floor than for other floors, but are slightly smaller than those of SMRF-A under the DBE 
and greater than those of SMRF-A under the MCE. 
Figure 12.20 compares the mean peak column plastic rotations of the first story 
columns for the MRFs with dampers sized for 2.0% rad story drift with the same results 
for the SMRF-B. Similar to the MRFs with dampers sized for 1.5% rad story drift, the 
mean peak column plastic rotation of the MRFs with dampers sized for 2.0% rad story 
drift increases as the base shear design strength decreases. The mean peak column plastic 
rotations are approximately 0.1% rad or less under the DBE ground motions, which 
indicates the first story columns of the MRFs with dampers remained essentially elastic. 
The mean peak column plastic rotations of the MRFs with the Case-2 damper 
arrangement are larger than those of the MRFs with the Case-1 damper arrangement and 
SMRF-B under the DBE and MCE ground motions.  
Figure 12.21 and Figure 12.22 compare the mean peak beam plastic rotations 
from the MRFs with dampers sized for 2.0% rad story drift with the same results for the 
SMRF-B from the NDTHA under the DBE and MCE ground motions, respectively. 
Similar to the MRFs sized for 1.5% rad story drift, the MRFs with the Case-1 damper 
arrangement have smaller mean peak beam plastic rotations than SMRF-B under both the 
DBE and MCE ground motions. The mean peak beam plastic rotations of the MRFs with 
the Case-2 damper arrangement are larger for the first floor than for other floors, but are 
slightly smaller than those of the SMRF-B under the DBE and slightly greater than those 
of SMRF-B under the MCE ground motions. 
The seismic performance of the MRFs with dampers and SMRFs are evaluated as: 
(1) the MRFs with the Case-1 damper arrangement have better performance than MRFs 
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with the Case-2 damper arrangement under both the DBE and MCE; (2) the MRFs with 
the Case-1 and Case-2 damper arrangement have better seismic performance than SMRF-
A and SMRF-B under the DBE; (3) the MRFs with the Case-1 and Case-2 damper 
arrangements have seismic performance similar to that of SMRF-A and SMRF-B under 
the MCE; (4) the MRFs with dampers designed with various base shear design strengths 
have similar seismic performance under the DBE, and under the MCE, the MRFs 
designed with a higher level of base shear design strength have better seismic 
performance.  
 
12.6.3.3. Floor Acceleration Response 
Table 12.16 through Table 12.19 summarize the mean peak floor accelerations 
from the NDTHA for the SMRFs and the MRFs with dampers. It is seen that the mean 
peak floor accelerations of the MRFs with dampers are much smaller than the SMRFs 
under the DBE and MCE. The mean peak floor accelerations of the MRFs with dampers 
decrease as the base shear design strength level decreases. The mean peak floor 
accelerations of the fourth floor of the MRF-D100V-a, MRF-D75V-a, MRF-D60V-a, 
MRF-D50V-a, and MRF-D40V-a structures are 56%, 46%, 43%, 38%, and 30% of that 
of SMRF-A under the DBE, and are 70%, 62%, 59%, 51%, and 45% of that of SMRF-A 
under the MCE. The mean peak floor accelerations of the fourth floor of the MRF-
D100V-c, MRF-D75V-c, MRF-D60V-c, MRF-D50V-c, and MRF-D40V-c structures are 
74%, 63%, 56%, 51%, and 44% of that of the SMRF-B under the DBE, and are 70%, 
64%, 58%, 54%, and 47% of that of SMRF-B under the MCE. The mean peak floor 
accelerations of the MRFs with the Case-2 damper arrangement are slightly smaller than 
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those of the MRFs with the Case-1 damper arrangement. Therefore, in terms of mean 
peak floor accelerations, the MRFs with the Case-2 damper arrangement achieved better 
seismic performance than the SMRFs and MRFs with the Case-1 damper arrangement. 
 
12.6.3.4. MRF Column Internal Forces  
The internal forces in the columns of the MRFs with dampers are compared with 
those in the columns of the SMRFs and evaluated in this section. Figure 12.23 shows the 
combination of axial forces and bending moments that develops in the first story columns 
of SMRF-A and SMRF-B under DBE ground motion record H-E03140. The P-M 
strength curve of the columns based on AISC 360-10 for beam-column members 
subjected to flexure and axial forces is also plotted in the Figures. The nominal axial and 
flexural strength of the column section was used in the AISC 360-10 column strength 
formulae. Figure 12.23 shows that the combination of axial forces and bending moments 
in the columns of SMRF-A and SMRF-B slightly exceed the P-M strength curve, which 
indicates the columns of SMRF-A and SMRF-B yield and develop plastic rotations under 
the DBE ground motion record H-E03140. 
Figure 12.24 shows the combination of axial force and bending moment in the 
columns of the MRFs sized for 1.5% rad story drift with the Case-1 damper arrangement 
under the DBE ground motion record H-E03140. Figures 12.24(a) and (b) show that the 
combination of axial forces and bending moments in the columns of the MRF-D100V-a 
and MRF-D75V-a structures are mostly within the P-M strength curve, which indicates 
the columns satisfy the strength requirement under the DBE including the effects of the 
damper forces. Figures 12.24(c) and (d) show the combination of axial forces and 
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bending moments in the columns of the MRF-D60V-a, MRF-D50V-a, and MRF-D40V-a 
structures exceed the P-M strength curve, which indicates the columns, similar to the 
columns of SMRF-A and SMRF-B, yield and develop plastic rotations under the DBE 
including the effects of the damper forces, since lighter sections were used for the 
columns of the MRFs designed with reduced base shear design strength. 
Figure 12.25 shows the combinations of axial force and bending moment in the 
columns of the MRFs sized for 2.0% rad story drift with the Case-1 damper arrangement 
under the DBE ground motion record H-E03140. Due to a larger story drift demand on 
the MRFs sized for 2.0% rad story drift than the MRFs sized for 1.5% rad story drift, the 
combinations of axial force and bending moment in the columns of all the MRFs exceed 
the P-M strength curve, and therefore, yield and develop larger plastic rotations under the 
DBE.  
 
12.7 Validation of SDP for 3-story Test Structure with Nonlinear Viscous Dampers 
The SDP was used to estimate the story drifts for the test structures (i.e., the 
D100V, D75V, and D60V test structures) that were described in Chapter 4. The results 
from the RTHS as described in Chapter 9 were compared to the SDP results to validate 
the SDP. The D100V test structure has an MRF designed for 100% of the required base 
shear design strength of ASCE 7-10, and the D75V and D60V test structures have MRFs 
designed for 75% and 60% of the required base shear design strength, respectively. 
Nonlinear viscous dampers that were characterized in Chapter 3 were used in the test 
structures, with one damper in each story. The damping coefficient 
696 kN-(second/m)C αα =  and velocity exponent 0.44α =  were used in the SDP.  
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Table 12.20 and Table 12.21 compare the mean peak story drifts from the RTHS 
(as described in Chapter 9) with the results from the SDP under the DBE and MCE, 
respectively. It is seen that the maximum mean peak story drifts (i.e., the story drifts of 
the second story) from the RTHS are close to the results from the SDP under the DBE 
and MCE, respectively. The difference between the maximum peak story drift from the 
RTHS and from the SDP results are 10%, 11%, and 14% for the D100V, D75V, and 
D60V structures under the DBE, and are 8%, 9%, and 7% for the D100V, D75V, and 
D60V structures under the MCE. These results show that the SDP provides reasonable 
estimates of the response of MRF structures with nonlinear viscous dampers, which could 
be used to design these structures. 
 
12.8 Summary  
This chapter presented a simplified design procedure (SDP) for seismic design of 
steel MRF structures with nonlinear viscous dampers. For selected performance 
objectives and associated story drift based design criteria, the SDP enables an integrated 
design of the MRF and damping system to be performed. In the SDP, the MRF is 
designed for strength criteria and the damping system is sized for drift criteria. Unlike the 
current analysis procedures for structures with dampers in ASCE 7-10, where the 
effective period and effective damping ratio are computed as a function of the ductility 
demand on the structure, the SDP uses only elastic analysis of a linear model of the MRF. 
The linear model of the MRF uses an equivalent linearized model of the damping system. 
The SDP is consistent with the analysis procedures in ASCE 7-10 for seismic design of 
conventional structures without dampers. The SDP was validated using results for a 4-
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story example steel MRF building with nonlinear viscous dampers. The MRFs were 
designed for various base shear design strength levels (i.e., 100%, 75%, 60%, 50% and 
40% of the required base shear design strength of ASCE 7-10), and nonlinear viscous 
dampers were sized and added to the MRFs to control the story drift response. Two cases 
of damper arrangements were studied. Nonlinear dynamic time history analyses 
(NDTHA) were performed and the results show that the MRFs with dampers have better 
performance than SMRFs without dampers under the DBE and have performance similar 
to that of the similarly designed SMRFs without dampers under the MCE. The SDP also 
was validated by comparing the story drift results from the SDP with the results from 
real-time hybrid earthquake simulations (RTHS) for the test structures that were 
described in Chapter 4. The results show that the SDP is sufficiently accurate for seismic 
design of structures with nonlinear viscous dampers. 
 
 
 
 
 
 
 
 
 
 
 
 581
Table 12.1 Design of SMRFs and MRFs for 4-story example building 
Structure 
Column Beam Weight 
(kips) 1
st
 
story 
2nd 
story 
3rd 
story 
4th 
story 1
st
 floor 2nd floor 3rd floor 4th floor 
SMRF-A W14×370 W14×311 W36×210 W36×210 W36×150 W24×76 50.2 
SMRF-B W14×257 W14×211 W36×150 W33×141 W33×118 W24×62 35.2 
MRF-D100V W14×193 W14×145 W30×116 W30×108 W27×84 W21×44 25.7 
MRF-D75V W14×159 W14×132 W27×94 W27×94 W21×73 W21×44 22.2 
MRF-D60V W14×132 W14×109 W27×84 W27×84 W21×62 W18×40 18.8 
MRF-D50V W14×120 W14×82 W24×76 W24×76 W21×57 W18×40 16.3 
MRF-D40V W14×109 W14×82 W24×68 W24×62 W21×44 W18×40 14.9 



Table 12.2 Properties of SMRFs and MRFs for 4-story example building 
Structure 
Base 
shear 
at Tdes 
(kN) 
Modal period 
(s) 
Design story drift ratio, 
θdes 
(% rad) 
(R=8, Cd=5.5) 
Story drift ratio 
at initial yielding, θy  
(% rad) Ract 
T1 T2 T3 T4 1
st
 
story 
2nd 
story 
3rd 
story 
4th 
story 
1st 
story 
2nd 
story 
3rd 
story 
4th 
story 
SMRF-A 193 1.12 0.40 0.20 0.13 1.24 1.52 1.51 1.38 0.53 0.66 0.66 0.60 2.7 
SMRF-B 193 1.42 0.49 0.25 0.16 1.56 1.97 2.00 1.75 0.55 0.69 0.70 0.61 3.3 
MRF-
D100V 193 1.70 0.59 0.30 0.19 2.09 2.75 3.01 2.79 0.54 0.71 0.78 0.72 4.5 
MRF-D75V 145 2.00 0.67 0.32 0.20 2.49 3.31 3.62 3.33 0.56 0.74 0.81 0.75 5.2 
MRF-D60V 116 2.22 0.74 0.35 0.22 2.77 3.64 4.07 3.90 0.54 0.72 0.81 0.78 5.9 
MRF-D50V 96 2.48 0.79 0.37 0.23 3.09 4.17 4.69 4.30 0.57 0.77 0.87 0.79 6.2 
MRF-D40V 77 2.68 0.83 0.38 0.23 3.40 4.72 5.31 4.77 0.52 0.72 0.81 0.73 7.6 



Table 12.3 MRFs with dampers sized for 1.5% rad story drift limit with Case-1 damper 
arrangement 
Structure 
Cα (kips-s/in),  
α=0.44 
1st mode 
damping 
ξeq  (%) 
 
Damping 
coefficient 
B1 
Ract/B1 
Story drift from SDP using 
ELF 
(% rad) 
1st 
story 
2nd 
story 
3rd 
story 
4th 
story 
1st 
story 
2nd 
story 
3rd 
story 
4th 
story 
MRF-D100V-a 92 64 46 38 28 1.74 2.58 1.11 1.39 1.48 1.41 
MRF-D75V-a 99 68 51 44 39 2.07 2.51 1.09 1.38 1.46 1.35 
MRF-D60V-a 99 69 51 43 46 2.27 2.60 1.08 1.36 1.46 1.40 
MRF-D50V-a 95 65 49 44 55 2.56 2.42 1.06 1.37 1.46 1.34 
MRF-D40V-a 99 66 50 47 63 2.80 2.71 1.02 1.35 1.48 1.34 





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
Table 12.4 MRFs with dampers sized for 1.5% rad story drift limit with Case-2 damper 
arrangement 
Structure 
Cα (kips-s/in),  
α=0.44 
1st mode 
damping 
ξeq (%) 
Damping 
coefficient
B1 
Ract/B1 
Story drift from SDP using 
ELF 
(% rad) 
1st 
story 
2nd 
story 
3rd 
story 
4th 
story 
1st 
story 
2nd 
story 
3rd 
story 
4th 
story 
MRF-D100V-b 59 59 59 59 28 1.75 2.57 1.12 1.39 1.46 1.36 
MRF-D75V-b 63 63 63 63 38 2.05 2.54 1.12 1.40 1.45 1.31 
MRF-D60V-b 63 63 63 63 45 2.25 2.62 1.13 1.38 1.46 1.37 
MRF-D50V-b 62 62 62 62 55 2.55 2.43 1.10 1.38 1.44 1.30 
MRF-D40V-b 64 64 64 64 63 2.80 2.71 1.07 1.37 1.44 1.28 



Table 12.5 MRFs with dampers sized for 2.0% rad story drift limit with Case-1 damper 
arrangement 
Structure 
Cα (kips-s/in),  
α=0.44 
1st mode 
damping 
ξeq (%) 
 
Damping 
coefficien
t 
B1 
Ract/B1 
Story drift from SDP using 
ELF 
(% rad) 
1st 
story 
2nd 
story 
3rd 
story 
4th 
story 
1st 
story 
2nd 
story 
3rd 
story 
4th 
story 
MRF-D100V-
c 
52 36 26 21 15 1.34 3.36 1.49 1.83 1.95 1.89 
MRF-D75V-c 65 44 33 29 23 1.57 3.31 1.48 1.84 1.95 1.82 
MRF-D60V-c 69 48 35 30 28 1.73 3.40 1.47 1.81 1.95 1.89 
MRF-D50V-c 66 45 34 30 35 1.95 3.18 1.45 1.84 1.95 1.79 
MRF-D40V-c 76 50 38 36 42 2.16 3.52 1.37 1.80 1.95 1.74 



Table 12.6 MRFs with dampers sized for 2.0% rad story drift limit with Case-2 damper 
arrangement 
Structure 
Cα (kips-s/in),  
α=0.44 
1st mode 
damping 
ξeq (%) 
 
Damping 
coefficien
t 
B1 
Ract/B1 
Story drift from SDP using 
ELF 
(% rad) 
1st 
story 
2nd 
story 
3rd 
story 
4th 
story 
1st 
story 
2nd 
story 
3rd 
story 
4th 
story 
MRF-D100V-
d 33 33 33 33 15 1.34 3.36 1.48 1.83 1.94 1.85 
MRF-D75V-d 41 41 41 41 22 1.56 3.31 1.49 1.86 1.95 1.80 
MRF-D60V-d 44 44 44 44 28 1.73 3.40 1.49 1.83 1.94 1.85 
MRF-D50V-d 42 42 42 42 34 1.93 3.18 1.48 1.86 1.95 1.77 
MRF-D40V-d 48 48 48 48 41 2.14 3.52 1.42 1.83 1.94 1.72 
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Table 12.7 Earthquake ground motions used for NDTHA of 4-story MRF structures 
ID. 
Earthquake 
Record Scale factor 
Year M Name DBE MC
E 1 1979 6.5 
 
Imperial Valley H-E03140 1.44 2.31 
2 1992 7.3 
 
Landers YER360 2.06 3.31 
3 1989 6.9 
 
Loma Prieta HSP090 1.72 2.76 
4 1989 6.9 
 
Loma Prieta WVC000 1.25 2.02 
5 1989 6.9 
 
Loma Prieta WVC270 1.11 1.78 
6 1994 6.7 Northridge RRS318 0.66 1.06 
7 1994 6.7 
 
Northridge SCE018 0.59 0.95 
8 1979 5.9 Westmorland PTS315 1.88 3.02 



Table 12.8 Comparison of story drift from SDP using ELF and mean peak story drift 
from NDTHA under DBE for MRFs with dampers sized for 1.5% rad story drift with 
Case-1 damper arrangement (% rad) 
Story 
MRF-D100V-a MRF-D75V-a MRF-D60V-a MRF-D50V-a MRF-D40V-a 
SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA 
1st story 1.11 0.87 1.09 0.93 1.08 0.99 1.06 1.11 1.02 1.13 
2nd story 1.39 1.26 1.38 1.30 1.36 1.38 1.37 1.49 1.35 1.48 
3rd story 1.48 1.36 1.46 1.34 1.46 1.46 1.46 1.53 1.48 1.42 
4th story 1.41 1.38 1.35 1.22 1.40 1.35 1.34 1.22 1.34 0.99 



Table 12.9 Comparison of story drift from SDP using ELF and mean peak story drift 
from NDTHA under MCE for MRFs with dampers sized for 1.5% rad story drift with 
Case-1 damper arrangement (% rad) 
Story 
MRF-D100V-a MRF-D75V-a MRF-D60V-a MRF-D50V-a MRF-D40V-a 
SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA 
1st story 1.92 1.75 1.95 1.94 1.99 1.98 1.94 2.29 1.95 2.51 
2nd story 2.38 2.37 2.45 2.45 2.46 2.52 2.48 2.74 2.58 2.94 
3rd story 2.53 2.52 2.59 2.62 2.64 2.64 2.64 2.81 2.78 2.93 
4th story 2.42 2.91 2.40 2.15 2.55 2.38 2.42 2.26 2.49 2.16 







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Table 12.10 Comparison of story drift from SDP using ELF and mean peak story drift 
from NDTHA under DBE for MRFs with dampers sized for 1.5% rad story drift with 
Case-2 damper arrangement (% rad) 
Story 
MRF-D100V-b MRF-D75V-b MRF-D60V-b MRF-D50V-b MRF-D40V-b 
SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA 
1st story 1.12 1.16 1.12 1.29 1.13 1.38 1.10 1.55 1.07 1.62 
2nd story 1.39 1.37 1.40 1.46 1.38 1.50 1.38 1.64 1.37 1.71 
3rd story 1.46 1.27 1.45 1.20 1.46 1.21 1.44 1.25 1.44 1.27 
4th story 1.36 0.97 1.31 0.80 1.37 0.79 1.30 0.74 1.28 0.71 


Table 12.11 Comparison of story drift from SDP using ELF and mean peak story drift 
from NDTHA under MCE for MRFs with dampers sized for 1.5% rad story drift with 
Case-2 damper arrangement (% rad) 
Story 
MRF-D100V-b MRF-D75V-b MRF-D60V-b MRF-D50V-b MRF-D40V-b 
SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA 
1st story 1.91 2.57 1.97 2.71 2.02 2.87 1.98 3.22 1.93 3.51 
2nd story 2.37 2.84 2.46 2.80 2.48 2.92 2.50 3.18 2.50 3.34 
3rd story 2.50 2.34 2.57 2.12 2.62 2.21 2.60 2.34 2.64 2.41 
4th story 2.35 1.70 2.35 1.32 2.48 1.35 2.34 1.35 2.32 1.38 
 
Table 12.12 Comparison of story drift from SDP using ELF and mean peak story drift 
from NDTHA under DBE for MRFs with dampers sized for 2.0% rad story drift with 
Case-1 damper arrangement (% rad) 
Story 
MRF-D100V-c MRF-D75V-c MRF-D60V-c MRF-D50V-c MRF-D40V-c 
SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA 
1st story 1.49 1.14 1.48 1.07 1.47 1.15 1.45 1.35 1.37 1.28 
2nd story 1.83 1.55 1.84 1.52 1.81 1.51 1.84 1.72 1.80 1.74 
3rd story 1.95 1.72 1.95 1.67 1.95 1.67 1.95 1.72 1.95 1.74 
4th story 1.89 1.83 1.82 1.47 1.89 1.49 1.79 1.42 1.74 1.29 


Table 12.13 Comparison of story drift from SDP using ELF and mean peak story drift 
from NDTHA under MCE for MRFs with dampers sized for 2.0% rad story drift with 
Case-1 damper arrangement (% rad) 
Story 
MRF-D100V-c MRF-D75V-c MRF-D60V-c MRF-D50V-c MRF-D40V-c 
SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA 
1st story 2.40 2.08 2.47 2.25 2.52 2.39 2.50 2.76 2.49 3.03 
2nd story 2.94 2.82 3.07 2.78 3.09 2.83 3.15 3.19 3.24 3.51 
3rd story 3.14 3.18 3.24 2.96 3.31 2.97 3.34 3.30 3.49 3.48 
4th story 3.06 2.96 3.04 2.56 3.23 2.61 3.09 2.68 3.14 2.63 
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Table 12.14 Comparison of story drift from SDP using ELF and mean peak story drift 
from NDTHA under DBE for MRFs with dampers sized for 2.0% rad story drift with 
Case-2 damper arrangement (% rad) 
Story 
MRF-D100V-d MRF-D75V-d MRF-D60V-d MRF-D50V-d MRF-D40V-d 
SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA 
1st story 1.48 1.26 1.49 1.32 1.49 1.50 1.48 1.71 1.42 1.71 
2nd story 1.83 1.56 1.86 1.61 1.83 1.66 1.86 1.85 1.83 1.88 
3rd story 1.94 1.63 1.95 1.50 1.94 1.42 1.95 1.55 1.94 1.52 
4th story 1.85 1.47 1.80 1.16 1.85 1.09 1.77 1.03 1.72 0.95 


Table 12.15 Comparison of story drift from SDP using ELF and mean peak story drift 
from NDTHA under MCE for MRFs with dampers sized for 2.0% rad story drift with 
Case-2 damper arrangement (% rad) 
Story 
MRF-D100V-d MRF-D75V-d MRF-D60V-d MRF-D50V-d MRF-D40V-d 
SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA SDP NDTHA 
1st story 2.39 2.58 2.49 2.87 2.54 3.15 2.53 3.68 2.53 4.00 
2nd story 2.94 3.11 3.09 3.06 3.10 3.17 3.18 3.67 3.27 3.97 
3rd story 3.12 3.12 3.25 2.66 3.30 2.69 3.35 2.92 3.49 3.06 
4th story 3.01 2.56 3.03 1.89 3.18 1.85 3.06 1.98 3.11 1.94 

Table 12.16 Mean peak floor accelerations from NDTHA of MRFs with dampers sized 
for 1.5% rad story drift with Case-1 damper arrangement (g) 
Floor  
SMRF-A MRF-D100V-a 
MRF- 
D75V-a 
MRF- 
D60V-a 
MRF- 
D50V-a 
MRF- 
D40V-a 
DBE MCE DBE MCE DBE MCE DBE MCE DBE MCE DBE MCE 
1st floor 0.49 0.64 0.31 0.47 0.30 0.48 0.29 0.46 0.28 0.44 0.28 0.45 
2nd floor 0.51 0.65 0.27 0.43 0.26 0.40 0.25 0.37 0.24 0.36 0.24 0.36 
3rd floor 0.61 0.73 0.31 0.46 0.27 0.40 0.26 0.38 0.25 0.38 0.21 0.35 
4th floor 0.79 0.86 0.44 0.60 0.36 0.53 0.34 0.51 0.30 0.44 0.24 0.39 

Table 12.17 Mean peak floor accelerations from NDTHA of MRFs with dampers sized 
for 1.5% rad story drift with Case-2 damper arrangement (g) 
Floor  
SMRF-A MRF-D100V-b 
MRF- 
D75V-b 
MRF- 
D60V-b 
MRF- 
D50V-b 
MRF- 
D40V-b 
DBE MCE DBE MCE DBE MCE DBE MCE DBE MCE DBE MCE 
1st floor 0.49 0.64 0.30 0.44 0.28 0.43 0.27 0.40 0.26 0.41 0.27 0.41 
2nd floor 0.51 0.65 0.29 0.40 0.26 0.38 0.25 0.34 0.24 0.33 0.25 0.33 
3rd floor 0.61 0.73 0.31 0.46 0.27 0.38 0.25 0.35 0.23 0.32 0.22 0.29 
4th floor 0.79 0.86 0.40 0.55 0.31 0.44 0.27 0.37 0.25 0.33 0.24 0.30 
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Table 12.18 Mean peak floor accelerations from NDTHA of MRFs with dampers sized 
for 2.0% rad story drift with Case-1 damper arrangement (g) 
Floor  
SMRF-B MRF- D100V-c 
MRF- 
D75V-c 
MRF- 
D60V-c 
MRF- 
D50V-c 
MRF- 
D40V-c 
DBE MCE DBE MCE DBE MCE DBE MCE DBE MCE DBE MCE 
1st floor 0.40 0.63 0.29 0.42 0.29 0.42 0.28 0.43 0.27 0.42 0.28 0.43 
2nd floor 0.44 0.55 0.26 0.36 0.24 0.35 0.22 0.34 0.21 0.33 0.22 0.36 
3rd floor 0.45 0.63 0.31 0.40 0.25 0.35 0.24 0.34 0.22 0.32 0.21 0.31 
4th floor 0.59 0.76 0.44 0.53 0.37 0.49 0.33 0.44 0.30 0.41 0.26 0.36 


Table 12.19 Mean peak floor accelerations from NDTHA of MRFs with dampers sized 
for 2.0% rad story drift with Case-2 damper arrangement (g) 
Floor  
SMRF-B MRF-D100V-d 
MRF- 
D75V-d 
MRF- 
D60V-d 
MRF- 
D50V-d 
MRF- 
D40V-d 
DBE MCE DBE MCE DBE MCE DBE MCE DBE MCE DBE MCE 
1st floor 0.40 0.63 0.28 0.43 0.27 0.41 0.26 0.39 0.24 0.38 0.25 0.39 
2nd floor 0.44 0.55 0.27 0.38 0.26 0.34 0.23 0.33 0.20 0.32 0.21 0.29 
3rd floor 0.45 0.63 0.32 0.43 0.27 0.37 0.24 0.34 0.21 0.32 0.20 0.28 
4th floor 0.59 0.76 0.43 0.55 0.35 0.46 0.29 0.39 0.25 0.35 0.21 0.28 
 
 
Table 12.20 Comparison of story drift prediction from SDP using ELF and mean story 
drift from RTHS under DBE 
Story  
D100V structure D75V structure D60V structure 
Story drift (% rad) Story drift (% rad) Story drift (% rad)  
RTHS SDP RTHS SDP RTHS SDP 
1st story 0.69 0.72 0.85 0.92 1.00 1.12 
2nd story 0.76 0.84 0.98 1.09 1.17 1.33 
3rd story  0.53 0.75 0.74 1.01 0.95 1.24 


Table 12.21 Comparison of story drift prediction from SDP using ELF and mean story 
drift from RTHS under MCE 
Story  
D100V structure D75V structure D60V structure 
Story drift (% rad) Story drift (% rad) Story drift (% rad) 
RTHS SDP RTHS SDP RTHS SDP 
1st story 1.20 1.24 1.53 1.67 1.88 1.97 
2nd story 1.38 1.49 1.86 2.02 2.21 2.36 
3rd story  1.00 1.37 1.52 1.91 1.88 2.28 
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Figure 12.1 ASCE 7-10 analysis procedure for structure with added dampers 


 
 
Figure 12.2 Schematic of simplified design procedure (SDP) for MRF with nonlinear 
viscous dampers 

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Figure 12.3 Simplified design procedure (SDP) for MRF with nonlinear viscous dampers 
 
 1. Establish seismic performance 
objectives and design criteria in 
terms of story drift. 
 
 2. Design MRF for a specified 
strength level using ASCE 7-10 
seismic design method for 
conventional MRF. 
  
 3. Determine damper placement 
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Figure 12.4 4-story MRF building with nonlinear viscous dampers: (a) plan view; (b) 
section view 





Figure 12.5 Simplified design procedure (SDP) for MRF with nonlinear viscous dampers 
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
(a) Damping: ξ1=10%, ξ2=22%, ξ3=25%, ξ4=24% 
 

(b) Damping: ξ1=35%, ξ2=79%, ξ3=88%, ξ4=86% 
 

(c) Damping: ξ1=50%, ξ2=100%, ξ3=100%, ξ4=99% 
 

(d) Damping: ξ1=95%, ξ2=100%, ξ3=100%, ξ4=100% 
Figure 12.6 Real and imaginary parts of eigenvectors of MRF-D100V with Case-1 
damper arrangement 
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(a) Damping: ξ1=10%, ξ2=28%, ξ3=28%, ξ4=24% 
 

 (b) Damping: ξ1=30%, ξ2=79%, ξ3=100%, ξ4=73% 
 
 
 (c) Damping: ξ1=50%, ξ2=100%, ξ3=99%, ξ4=100% 
 

 (d) Damping: ξ1=95%, ξ2=100%, ξ3=100%, ξ4=100% 
Figure 12.7 Real and imaginary parts of eigenvectors of MRF-D100V with Case-2 
damper arrangement 
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(a) Damping: ξ1=10%, ξ2=27%, ξ3=27%, ξ4=27% 
 
 
(b) Damping: ξ1=20%, ξ2=55%, ξ3=51%, ξ4=59% 
 
 
 (c) Damping: ξ1=30%, ξ2=93%, ξ3=100%, ξ4=57% 
 
 
(d) Damping: ξ1=40%, ξ2=100%, ξ3=100%, ξ4=74% 
Figure 12.8 Real and imaginary parts of eigenvectors of MRF-D100V with Case-3 
damper arrangement 
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                          (a) Damping ratio                                 (b) Pseudo-undamped frequency                      
Figure 12.9 Effects of damper arrangement on damping ratio and pseudo-undamped 
natural frequency 



                     (a) Damping ratio                                   (b) Pseudo-undamped frequency 
Figure 12.10 Effects of brace stiffness on damping ratio and pseudo-undamped natural 
frequency for Case-1 damper arrangement 
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                    (a) Damping ratio                                 (b) Pseudo-undamped frequency 
Figure 12.11 Effects of brace stiffness on damping ratio and pseudo-undamped natural 
frequency for Case-2 damper arrangement 
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
                     (a) Damping ratio                               (b) Pseudo-undamped frequency 
Figure 12.12 Effects of brace stiffness on damping ratio and pseudo-undamped natural 
frequency for Case-3 damper arrangement 
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       (a) Case-1 damper arrangement                           (b) Case-2 damper arrangement 
Figure 12.13 Story drift error between SDP and NDTHA under DBE for MRFs with 
dampers sized for 1.5% rad story drift 
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
        (a) Case-1 damper arrangement                            (b) Case-2 damper arrangement 
Figure 12.14 Story drift error between SDP and NDTHA under MCE for MRFs with 
dampers sized for 1.5% rad story drift 
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    (a) Case-1 damper arrangement                              (b) Case-2 damper arrangement 
Figure 12.15 Story drift error between SDP and NDTHA under DBE for MRFs with 
dampers sized for 2.0% rad story drift 
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 (a) Case-1 damper arrangement                             (b) Case-2 damper arrangement 
Figure 12.16 Story drift error between SDP and NDTHA under MCE for MRFs with 
dampers sized for 2.0% rad story drift 
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            (a) Case-1 damper arrangement                       (b) Case-2 damper arrangement 
Figure 12.17 Mean peak first story column plastic rotations of MRFs with dampers sized 
for 1.5% rad story drift 
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     (a) Case-1 damper arrangement                                    (b) Case-2 damper arrangement 
Figure 12.18 Mean peak beam plastic rotation under DBE of MRFs with dampers sized 
for 1.5% rad story drift 
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     (a) Case-1 damper arrangement                                    (b) Case-2 damper arrangement 
Figure 12.19 Mean peak beam plastic rotations under MCE of MRFs with dampers sized 
for 1.5% rad story drift 
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
              (a) Case-1 damper arrangement                            (b) Case-2 damper arrangement 
Figure 12.20 Mean peak first story column plastic rotations of MRFs with dampers sized 
for 2.0% rad story drift 
 

     (a) Case-1 damper arrangement                                (b) Case-2 damper arrangement 
Figure 12.21 Mean peak beam plastic rotations under DBE of MRFs with dampers sized 
for 2.0% rad story drift 
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     (a) Case-1 damper arrangement                              (b) Case-2 damper arrangement 
Figure 12.22 Beam mean plastic rotations under MCE of MRFs with dampers sized for 
2.0% rad story drift 
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
(a) SMRF-A                                                         (b) SMRF-B  
Figure 12.23 Internal forces in first story columns of SMRF-A and SMRF-B under DBE 
ground motion record H-E030140 
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
     (a) MRF-D100V-a                                        (b) MRF-D75V-a 
 

          (c) MRF-D60V-a                                          (d) MRF-D50V-a 

 
(e) MRF-D40V-a  
 
Figure 12.24 Internal forces in first story columns of SMRF-A and SMRF-B under DBE 
ground motion record H-E030140 
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(a) MRF-D100V-c                                                  (b) MRF-D75V-c 
 

       (c) MRF-D60V-c                                                     (d) MRF-D50V-c 

 
(e) MRF-D40V-c  
 
Figure 12.25 Internal forces in first story columns of MRFs with dampers sized for 2.0% 
rad story drift with Case-1 damper arrangement under DBE ground motion record H-
E03140 

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Chapter 13  
Summary, Conclusions, and Recommendations for Future Work 
 
13.1 General  
This research investigated the seismic response and performance of steel MRF 
structures with nonlinear viscous dampers. Analytical and large-scale experimental 
studies were performed and a simplified design procedure (SDP) for seismic design of 
steel structures with nonlinear viscous dampers was proposed. A summary of the 
research, the findings and the conclusions of the research, and future research needs are 
presented in this chapter.  
 
13.2 Summary  
In Chapter 2, a review of background information for this research program was 
presented. Existing design methodologies for structures with damping devices and 
relevant research on structures with viscous dampers were summarized. The real-time 
hybrid simulation (RTHS) method was introduced.  
In Chapter 3, characterization results for three large-scale nonlinear viscous 
dampers were presented. Based on the observed damper response, the Nonlinear Maxwell 
damper model was proposed for modeling the damper response. The process for 
identifying parameters of the damper model was presented. Damper forces from the 
Nonlinear Maxwell damper model were compared to the damper forces measured from 
the characterization tests under harmonic loading and earthquake-induced damper 
deformation input.  
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In Chapter 4, the designs of the prototype building, prototype structures, and test 
structures were presented. Three versions of the prototype structure for the prototype 
building, i.e., the D100V, D75V, and D60V structures, were designed. Each prototype 
structure includes one single-bay MRF, one single-bay DBF, and the gravity frames in 
the prototype building that are tributary to one MRF and one DBF. The MRFs in the 
D100V, D75V, and D60V structures were designed for 100%, 75%, and 60% of the 
required base shear design strength from ASCE 7-10, respectively. Test structures were 
developed by scaling down the prototype structures using a factor of 0.6. An iterative 
approach for estimating the equivalent damping ratio and story drift of the test structures 
was described.  
In Chapter 5, the experimental setup and characterization of the static properties 
of the experimental substructures used in the real-time hybrid earthquake simulation 
(RTHS) were described. Two experimental substructures, one with only the DBF and 
another with the MRF and DBF, were characterized using quasi-static tests and harmonic 
loading tests. The equivalent damping ratio of the experimental substructure with the 
MRF and DBF was estimated from the harmonic loading test results. 
In Chapter 6, the seismic hazard and selected ground motions for the prototype 
building site and ground motion selection procedure were presented. Ground motion sets 
representing the frequently occurring earthquake (FOE), design basis earthquake (DBE), 
and maximum considered earthquake (MCE) hazard level were selected for use in 
numerical simulations and the RTHS. 
In Chapter 7, the development of the numerical model of the test structures was 
presented. Nonlinear numerical simulations of the structural response of the test 
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structures under earthquake loading were presented. The response of the test structures 
with dampers were summarized and compared to the response of the test structures 
without dampers. 
In Chapter 8, a detailed procedure for conducting large-scale RTHS on the test 
structures with nonlinear viscous dampers was presented. The factors to be considered to 
achieve accurate RTHS results under intense earthquake ground motions were discussed. 
Two phases of RTHS (i.e., Phase-1 and Phase-2) were conducted on the test structures. In 
the Phase-1 RTHS, the experimental substructure was a single-bay DBF and the 
analytical substructure includes a single-bay MRF, the gravity load system, and seismic 
mass tributary to the MRF and DBF. In the Phase-2 RTHS, the experimental substructure 
was the single-bay MRF together with the single-bay DBF and the analytical substructure 
includes the gravity load system and seismic mass tributary to the MRF and DBF. The 
accuracy of each phase of RTHS was evaluated.  
In Chapter 9, the seismic response of the test structures from the Phase-1 RTHS 
was presented. Results for the FOE, DBE, and MCE level ground motions were 
presented. The story drift response, floor velocity and floor acceleration response, 
response of the analytical substructure, response of the experimental substructure, and the 
estimated dynamic properties of test structures in the RTHS were presented and 
discussed.  
In Chapter 10, the seismic response of the test structures from the Phase-2 RTHS 
was presented. Results for the FOE, DBE, MCE, and greater than MCE level ground 
motions were presented. The response of the D100V test structure in the FOE, DBE, and 
MCE level RTHS, the response of the D100V, D75V, and D60V test structures in the 
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DBE level RTHS, and the response of the D60V test structure in the DBE, MCE, and 
greater than MCE level RTHS were presented and discussed, respectively. A comparison 
of the Phase-2 RTHS and the Phase-1 RTHS responses was given. 
In Chapter 11, comparisons between the numerical simulations results (as 
described in Chapter 7) and the RTHS results (as described in Chapter 9) were made. 
Through the comparisons, considerations for modeling structures with nonlinear viscous 
dampers for more accurate numerical results were identified and discussed. An equivalent 
linearization of damper response for use in seismic design of structures with nonlinear 
viscous dampers was also described. The linearization uses an equivalent linear elastic-
viscous model. Using the equivalent linear elastic-viscous model, the effects of the 
stiffness of bracing which transmits damper forces from nonlinear viscous dampers (i.e., 
brace stiffness) on the effective stiffness and equivalent damping ratio of a single degree-
of-freedom (SDOF) system was investigated. 
In Chapter 12, the development and validation of a simplified design procedure 
(SDP) for seismic design of steel MRF structures with nonlinear viscous dampers was 
presented. The characteristics of the SDP and its consistency with design methods in 
ASCE 7-10 for conventional MRF structures were described. The SDP was validated for 
various seismic designs of 4-story MRF structures with nonlinear viscous dampers sized 
for different story drift limits.  
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13.3 Observations and Findings  
13.3.1 Experimental Study on Nonlinear Viscous Dampers 
• Elastic flexibility exists in the damper body and in the clevis connections, and due 
to the elastic flexibility, the nonlinear viscous damper response is not purely 
viscous, resulting in inclination of the damper force versus damper deformation 
hysteresis loops and inflation of the damper force versus damper relative velocity 
hysteresis loops.  
• The Nonlinear Maxwell damper model, which consists of a nonlinear elastic 
spring and a nonlinear dashpot, has a response similar to the measured damper 
response from the characterization tests.  
 
13.3.2 Nonlinear Numerical Simulation of Structural Response  
• The D100V, D75V, and D60V test structures without dampers have maximum 
mean peak story drift ratios of 1.20%, 1.31%, and 1.43% radians for the FOE 
level ground motions, 2.19%, 2.52%, and 2.86% radians for the DBE level ground 
motions, and 3.53%, 4.29%, and 5.02% radians for the MCE level ground 
motions. Based on the story drift ratio limits for various performance levels 
specified in ASCE 41-06, the three test structures without dampers did not 
achieve “Immediate Occupancy” performance under the FOE; the D100V and 
D75V structure without dampers achieved “Life Safety” performance under the 
DBE, but the D60V structure without dampers did not achieve “Life Safety” 
performance under the DBE; and the three test structures without dampers 
achieved “Collapse Prevention” performance under the MCE. 
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• The D100V, D75V, and D60V test structures with dampers have maximum mean 
peak story drift ratios of 0.30%, 0.39%, and 0.49% radians for the FOE level 
ground motions, 0.84%, 1.17%, and 1.49% radians for the DBE level ground 
motions, and 1.68%, 2.33%, and 2.88% radians for the MCE level ground 
motions. Based on the story drift ratio limits for various performance levels 
specified in ASCE 41-06, the three test structures achieved “Immediate 
Occupancy” performance under the FOE and a performance between “Immediate 
Occupancy” and “Life Safety” performance under the DBE. The D100V and 
D75V structures achieved “Life Safety” performance under the MCE, while the 
D60V structure achieved a performance between “Life Safety” and “Collapse 
Prevention” performance under the MCE. 
• Adding dampers to the structures resulted in reductions in peak story drifts and 
peak floor accelerations. The reductions of the maximum mean peak story drifts 
are 75%, 70%, and 66% under the FOE, 62%, 54%, and 48% under the DBE, and 
53%, 46%, and 43% under the MCE, for the D100V, D75V, and D60V structures, 
respectively. The reductions of maximum mean peak floor accelerations are 50%, 
45%, and 39% under the FOE, 29%, 18%, and 12% under the DBE, and 11%, 9%, 
and 11% under the MCE, for the D100V, D75V, and D60V structures, 
respectively. The reductions of the maximum mean peak floor accelerations are 
smaller than the reductions of the maximum mean peak story drifts. 
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13.3.3 Accurate Large-scale Real-time Hybrid Simulation Procedure 
• Accurate integration of the equations of motion was achieved using the 
unconditionally stable explicit CR integration algorithm; and continuous 
movement of the servo-controlled hydraulic actuator was enabled by using a time 
step of 4/1024 seconds and a linear interpolation ramp generator. 
• Using the measured displacements of the experimental substructure as the 
feedback for RTHS control and the ATS compensator provided compensation for 
the dynamic characteristics of the servo-hydraulic controller and actuator, test 
fixtures, and experimental substructure, which can create errors between the target 
displacements and the actual displacements of the experimental substructure 
during an RTHS. 
• The practical procedure for selecting the initial values and the floor and ceiling 
values of the coefficients of the ATS compensator, which was presented herein, 
enabled accurate RTHS under intense (DBE and MCE) ground motions.  
• The RMS error between target displacements and feedback displacements was 
used to activate and de-activate updating of the ATS compensator coefficients to 
avoid instability of the RTHS due to inaccurate updating of the ATS compensator 
coefficients when the feedback displacements are small. 
• In the Phase-1 RTHS, the target displacement (xt) was imposed accurately on the 
experimental substructure when the measured displacement of the experimental 
substructure (xm) was used as the feedback for the RTHS. The normalized RMS 
error  between xt and xm was relatively small (in the range from 1.47% to 6.51%) 
in the FOE, DBE, and MCE level RTHS. 
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• In the Phase-2 RTHS, the ceiling values for the compensator coefficients were 
adjusted downward to limit the amplification of high frequency signals by the 
compensator. This adjustment was necessary to achieve stable RTHS. Due to this 
adjustment, the delay between xt and xm in the 1.2MCE and 1.4MCE level RTHS 
was not compensated as well as in the Phase-2 RTHS with lower intensity levels 
of ground motion or in the Phase-1 RTHS.  
• The similar response between the Phase-1 and Phase-2 RTHS validated the 
fidelity of both phases of RTHS, which demonstrates that the RTHS approach 
presented herein can provide accurate results.     
 
13.3.4 Response of Test Structures in RTHS 
• In both Phase-1 and Phase-2 RTHS, the effects of elastic flexibility in the damper 
force path in the test structures (i.e., including the connections, braces, beams, and 
columns of the DBF) were observed. This elastic flexibility causes the viscous 
damper forces to be partially in phase with the story drifts (i.e., when the story 
drifts are at their peak values, the damper forces are large).  
• The in-phase behavior of damper force with respect to story drift is more 
significant in RTHS with low intensity levels of ground motion. 
• The in-phase behavior of the damper forces with story drifts results in a combined 
axial force and bending moment response in the DBF columns with large axial 
forces at the times of peak bending moments. Such combinations of axial forces 
and bending moments should be taken into account in the design of the columns 
of frames with nonlinear viscous dampers. This in-phase damper force behavior 
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also results in significant contributions of damper forces to the total story shear 
forces of the test structures at the times of peak story drifts. As a result, this in-
phase damper force behavior stiffened the test structures and reduced the story 
drift response. This stiffening of the test structures results in first mode 
frequencies for the test structures (estimated from the test data) that are higher 
than the design predictions.  
• In the Phase-1 RTHS, the test structures were remained essentially elastic under 
the FOE. Under the DBE, yielding occurred in the RBS of the first floor of the 
D75V structure, and occurred in the RBS of all floors and MRF columns in the 
first story of the D60V structure. Under the MCE, yielding occurred in RBS of the 
first floor of the D100V structure, and then in RBS of all floors and the MRF 
columns in the first story of the D75V and D60V structures.  
• In the Phase-1 RTHS, the probability of exceedance (POE) values for the 
“Immediate Occupancy” performance story drift limit (0.7% radians) for the 
D100V, D75V, and D60V structures under the FOE are less than 1%. Under the 
DBE, the POE values for “Immediate Occupancy” performance story drift limit 
for the D100V, D75V, and D60V structures under the DBE are 68%, 97%, and 
99%, respectively; however, the POE values for “Life Safety” performance story 
drift limit (2.5% rad) for all three structures are less than 1%. Under the MCE, the 
POE values for “Life Safety” performance story drift limit for the D75V and 
D60V structures are 4% and 14%, respectively, while the POE values for 
“Collapse Prevention” performance story drift (5.0% rad) for all three structures 
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are much less 1%, indicating a very low probability of collapse even for the 
structures with reduced base shear design strength.  
• In the Phase-1 RTHS, the reductions in floor acceleration response from the 
D100V structure to the D60V structure are significant, which suggests that 
structures with reduced base shear design strength and nonlinear viscous dampers 
will have lower floor acceleration demands. 
• In the Phase-2 RTHS, the D100V structure achieved high performances at the 
FOE, DBE, and MCE levels. The D100V structure remained elastic in the FOE 
and DBE level RTHS and had yielding only in the first floor RBS in the MCE 
level RTHS. According to the ASCE 41-06 story drift ratio limit, the D100V 
structure achieved “Operational” performance under the FOE, “Immediate 
Occupancy” performance under the DBE, and “Life Safety” performance under 
the MCE.  
• In the Phase-2 RTHS, the D100V, D75V, and D60V structure achieved high 
performance in the DBE level RTHS with the ground motion record RRS318. The 
MRF columns and the MRF panel zones of the three test structures remained 
elastic. The RBS of the second and third floors of each test structure remained 
elastic, while yielding occurred in the RBS of the first floor of the D75V and 
D60V structures. The D100V, D75V, and D60V structures had maximum peak 
story drift ratios of 0.81%, 1.05%, and 1.19% radians, respectively. According to 
ASCE 41-06, the D100V, D75V, and D60V structures achieved performance 
between “Immediate Occupancy” and “Life Safety” performance under the DBE. 
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• In the Phase-2 RTHS, the D60V structure had maximum peak story drift ratios of 
1.39%, 2.55%, 3.20%, and 4.13% radians in the DBE, MCE, 1.2MCE, and 
1.4MCE level RTHS, respectively. According to ASCE 41-06, the D60V 
structure achieved “Life Safety” performance under the MCE and “Collapse 
Prevention” performance under at the 1.2MCE and 1.4MCE levels. Plastic hinges 
formed at the bottom of the first story MRF columns in the 1.2MCE and 1.4MCE 
level RTHS. Plastic hinge formed in the RBS of the first, second, and third floors 
in the 1.2MCE and 1.4MCE level RTHS. Minor web local buckling occurred in 
the RBS of the first and second floors in the 1.4MCE level RTHS. Column 
twisting was observed in the 1.4MCE level RTHS. The panel zones of the MRF 
beam-to-column connections of the D60Vstructure remained elastic even in the 
1.4MCE level RTHS.  
 
13.3.5 Simplified Design Procedure (SDP) for Seismic Design of Structures with 
Dampers  
• The equivalent linear elastic-viscous model that includes a linear elastic spring 
and a linear viscous dashpot can be used for equivalent linearization of a 
nonlinear viscous damper and the associated elastic elements in the damper force 
path (i.e., the braces, brace-gusset connections, damper-brace connections, 
damper-beam connections, and the shortening and elongation of the columns).  
• Analytical results using the equivalent linear elastic-viscous model showed that a 
more flexible brace (more flexible damper force path) is more likely to stiffen the 
structure and decrease the equivalent damping ratio of the structure 
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• The SDP enables design of the combined MRF and damping system so that the 
MRF is designed for a specified level of strength and the damping system is 
added for story drift control. The SDP simplifies the seismic design of structures 
with nonlinear viscous dampers by using elastic analysis of a linear model of the 
MRF and an equivalent linearized model of the damping system. 
• By estimating the effective period and equivalent damping based on the initial 
stiffness of the MRF and the equivalent stiffness of the linear elastic-viscous 
model, and by using the equal displacement approximation, the SDP reduces the 
complexity of the analysis procedure for design a MRF building structure with 
dampers compared to the analysis procedures in ASCE 7-10. 
• The effects of damper arrangement on the effective damping ratio of an MRF 
structure with dampers are small when the damping ratio is than 40%. 
• The SDP was validated for various 4-story steel MRFs with nonlinear viscous 
dampers sized for different story drift limits. The MRFs were designed for a 
various base shear design strength levels (i.e., 100%, 75%, 60%, 50% and 40% of 
the required base shear design strength of ASCE 7-10), and nonlinear viscous 
dampers were added to the MRFs to control the story drift response of the 
structures. Nonlinear dynamic time history analyses (NDTHA) results showed 
that, under the DBE, MRFs with dampers have better performance than a steel 
special moment resisting frame (SMRF) designed for both the strength and drift 
control criteria of ASCE 7-10 without dampers. Under the MCE, MRFs with 
dampers have similar performance as the SMRF. The SDP is more accurate for 
MRFs designed with a higher base shear design strength level. 
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13.4 Conclusions  
The major conclusions of the research described in this dissertation are: 
• The Nonlinear Maxwell damper model is accurate and effective model for 
nonlinear viscous dampers with or without associated bracing flexibility. 
• Accurate real-time hybrid earthquake simulation (RTHS) enables the 
investigation of the seismic response of structures with rate-dependent damping 
devices at large scale. Accurate large-scale RTHS results can be achieved by 
considering: (1) the arrangement of substructures; (2) the dynamic characteristics 
of the servo-hydraulic controller and actuators, test fixtures, and experimental 
substructure; (3) accurate integration of the equations of motion; (4) using the 
experimental substructure displacements as feedback to control the RTHS; (5) 
adaptive compensation for potential errors between target and measured 
displacements.  
• Elastic flexibility in the complete damper force path (i.e., the flexibility of the 
components between the dampers and the seismic mass degrees of freedom 
(DOF), including connections, braces, beams, and columns) causes the damper 
deformations to be smaller than the story drifts, and causes the force from viscous 
dampers to be partially in phase with the story drifts. 
• The viscoelastic behavior of the damper force versus story drift hysteresis loops 
together with the nonlinearity of the damper will cause the damper forces to be 
partially in phase with the story drifts (i.e., the damper forces are large at the time 
of peak story drifts). The in-phase behavior of the damper forces with the story 
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drifts increases story shear forces and adds story stiffness to the structure at the 
time of peak story drifts.   
• An equivalent linearization of nonlinear viscous damper response was enabled 
using an equivalent linear elastic-viscous model, which accounts for the 
nonlinearity of the damper as well as the effects of the elastic flexibility of the 
complete damper force path and enables seismic design of MRF structures with 
nonlinear viscous dampers using a simplified design procedure (SDP). 
• The proposed SDP enables seismic design of a steel MRF and damping system 
for performance objectives in terms of story drift, using the initial stiffness of the 
MRF and the equivalent linear elastic-viscous model; the SDP is consistent with 
the procedures in ASCE 7-10 for conventional structures without dampers, but is 
simpler than current procedures in ASCE 7-10 for structures with added dampers. 
• The SDP was shown to be valid with sufficient accuracy for seismic design of 
structures with nonlinear viscous dampers. 
• MRF structures with nonlinear viscous dampers can be designed with reduced 
base shear design strength to achieve seismic performance (in terms of story drift) 
similar to or better than the seismic performance of conventional MRF structures 
without dampers. 
• MRF structures designed with various base shear design strength with nonlinear 
viscous dampers to control drift have similar seismic performance under the DBE; 
however, MRF structures designed with a higher level of base shear design 
strength with nonlinear viscous dampers to control drift have slightly better 
seismic performance under the MCE.  
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• Adding dampers to the MRF structures reduces significantly the story drift and 
floor acceleration response, and therefore, improves the seismic performance of 
these structures.  
 
13.5 Recommendations for Future Work  
Future research needs related to the research described in this dissertation include: 
• The development and validation of the simplified design procedure (SDP) herein 
were based on the seismic response of 3-story and 4-story MRF structures with 
nonlinear viscous dampers. The suitability of the SDP for seismic design of mid-
rise and even high-rise MRF structures with nonlinear viscous dampers requires 
further study. 
• The collapse capacity of MRF structures designed with reduced base shear design 
strength with nonlinear viscous dampers to control drift should be studied and 
compared to the conventional MRF structures without dampers and MRF 
structures with nonlinear viscous dampers designed for the base shear design 
strength required by ASCE 7-10. 
• This research considered two dimensional (2-D) MRF structures, and the seismic 
response of three dimensional (3-D) MRF structures with nonlinear viscous 
dampers under multi-directional earthquake ground motions should be studied.  
• In this research, the assessment of seismic performance is based mainly on story 
drift, so further study is required to assess seismic performance based on other 
seismic responses, such as floor accelerations.  
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Appendix 1: State-space Representation of MRF Structures with Dampers 
The governing equation of motion of the linear elastic model of the 4-story 
structure subjected to earthquake ground motion is as: 
d gx⋅ + ⋅ + ⋅ = − ⋅ ⋅M x C x K x M l                                                                          (A1.1) 
where M  is the n n×  mass matrix; dC  is the n n×  damping matrix representing the 
dampers; K is the n n×  stiffness matrix; l  is the 1n× mass influence vector; x is the floor 
displacement vector, ( )1 2 Tnx x x=x  ; gx is the ground acceleration input. n  is the 
number of degrees of freedom (DOF) of the structure. 
For a state-space representation of Equation (A12.1), state vector [ ]1 2 T=z z z
and state variables as 1 =z x , 2 =z x are accordingly defined:  
1 2=z z                                                                                                              (A1.2) 
( )12 d 2 1 gx−= − ⋅ − ⋅ − ⋅ ⋅z M C z K z M l                                                                (A1.3) 
Therefore, the state-space representation of the 2nd order dynamic system is as: 
gx= ⋅ + ⋅z A z B                                                                                                 (A1.4) 
gx= ⋅ + ⋅y C z D                                                                                                 (A1.5) 
where  y is an output vector. Matrices A , B , C , Dare defined as:  
1 1
d
− −
 
=  
− − 
0 I
A
M K M C
, 
 
=  
− 
0
B
l
, [ ]=C I 0 , [ ]0 0 0 0 T=D .         (A1.6) 
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Figure A1.1 State-space model for 4-story MRF structure with dampers and associated 
bracing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) State-space model for 4-story MRF structure with dampers and 
associated rigid bracing  
(b) State-space model for 4-story MRF structure with dampers and 
associated flexible bracing  
C1 C2 C3 C4
u1 u2 u3 u4 
m1 m2 m3 m4 
u1 u2 u3 u4 
u5 u6 u7 u8 
m1 m2 m3 m4 
m5 m6 m7 m8 C1 C2 C3 C4
kb kb kb kb 
k01 k02 k03 k04 
k01  k02 k03 k04 
Note: k0i and Ci (i = 1, 2, 3, 4) are the MRF story stiffness and damping coefficient 
in the ith story, respectively; mi (i = 1, 2, 3, 4) is the seismic mass at ith floor; mi (i = 
5, 6, 7, 8) is a small amount of mass added between the brace and dashpot in each 
story; kb is the brace stiffness, which is the same for each story. 
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